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Abstract 
 
Spiral antennas are capable of dual polarized operation if the currents can propagate 
along their arms by going either out or in through the radiation region of the spiral. The wrapping 
sense of the spiral determines the polarization of the radiated field resulting from this current 
flow. There are two ways to accomplish this phenomenon over very wide bandwidths. 
Specifically, either have a feed point for the spiral both outside and inside the radiation region, or 
use of the modulated arm width (MAW) spiral antenna. The MAW spiral antenna has not been 
widely accepted and is seldom reported in open literature. Its geometry is however sufficiently 
unique from the other planar frequency independent (FI) antennas to require a complete 
explanation of where it fits for different applications, specifically RF sensing. The design of the 
MAW spiral antenna is detailed herein including geometry described by modulation period, 
modulation magnitude, expansion rate, total number of arms, feed point structure, termination, 
cavity, feeding and dielectric effects. The emphasis is on detailed understanding of its 
performance characteristics such as impedance, pattern control and quality. The relevance of 
these characteristics to the antenna being used as a sensor is explained. The specific concerns 
being quantified are location by angle of arrival techniques and polarization detection.  
The use of a four-arm MAW spiral for angle of arrival as well as polarization sensing is 
demonstrated theoretically and experimentally. This combined capability has not been mentioned 
in any literature previously and was investigated thoroughly under this thesis to determine the 
limitations since as found herein no other four-arm FI planar antenna has this capability. In 
addition, the application of several geometries of the MAW spiral are examined as possible 
improvements over the original equiangular geometry including Archimedean, bi-layer, and 
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structures that are not self-complementary due to either the modulation ratio or the period. In 
particular, pattern performance improvement is demonstrated for modulation periods that do not 
produce self-complementary geometries while having minimal impact on impedance. Finally, an 
investigation into the asymmetric modes for an arbitrary number of arms was conducted to 
evaluate the performance limits of the highest available mode (mode with the largest phase 
change between arms) of a MAW spiral. Typically, this highest mode has significantly poorer 
performance than the other modes due to the inability of the MAW spiral to separate it from the 
modes that are not controlled by the beamformer. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
Multi-polarized spiral antennas were developed to provide compact frequency independent 
antennas for sensing arbitrary signals over multiple octave bandwidths. When the spiral antenna was 
developed in the 1950s [1, 2] the two negative features were recognized. Specifically, a significant loss 
because the spiral was difficult to configure without absorbing the backlobe, which inherently made the 
antenna very inefficient (gain is usually more that 3 dB below the directivity), and polarization blindness 
because the antenna inherently filtered all signals to the circular polarization arising from the spiral wrap. 
A sensor detecting a large variety of signals with the emphasis being detection independent of direction or 
polarization even if inefficient was needed. Poor efficiency only reduces the sensor‟s range, which is 
often an acceptable trade for accuracy and bandwidth. Polarization blindness limits the antenna even more 
since it introduces the potential for a signal to pass by undetected. Due to the limited available area to 
place antennas on most moveable articles (satellites, planes and ships), the geometry of a planar antenna 
is always of great interest, especially what capabilities it can provide without increasing weight or 
complexity. The first effective multi-polarized antenna solution to this challenge was the modified arm 
width (MAW) spiral antenna. At the time this research started, the MAW spiral antenna capabilities were 
thought to overlap completely with the sinuous antennas. This thesis demonstrates that this assumption is 
certainly not the whole story.  
1.1 Motivation and Applications 
Once a signal is detected by a receiver, many questions about the signal may need to be 
answered. First, is the fidelity of the signal sufficient (typically, the frequency of the signal will be needed 
to even evaluate possible distortion), typically wideband antennas degrade fidelity unless the signal is of 
similar bandwidth. Second, what is the signal‟s polarization, which is well answered by multi-polarized 
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antennas. Lastly, what direction was the signal‟s origin, requiring an antenna with pattern that is smooth 
and stable over both angle and frequency. Depending on the role of the receiver, the information above 
can be used to track, jam, or evaluate the signal to obtain more information. To do these applications well, 
within its predefined field of view, the sensor needs to be omni-directional and dual-polarized to avoid 
missing any signals. The sensor and/or receiver must provide additional processing capability to obtain 
direction and polarization. Once the signal is found, the information is far more useful if the location of 
the emitter is known as well and additional information may be extracted by more directive systems.  
There are various technologies available to locate emitters, but one of the most useful and simple 
is angle of arrival (AOA) as done by a monopulse antenna. The spiral antenna supports this capability by 
providing two modes usually referred to a sum and difference, normally, but not always when the spiral 
has more than two arms. The ratio of the amplitude for these two modes without any other information 
provides the off broadside angle. With the additional measurement of frequency or a compensation 
technique for the dispersion, the rotation angle about broadside can be derived from the measured phase 
of this ratio as show in the Figure 1.1. Note that no direct demodulation of the signal is required in the 
detection. Only the quadrature voltage ratio is needed from the detection of the signal on two channels.  
Figure 1.1 shows the coordinate system, where the angle off broadside is θ and the angle off the 
 axis in the  plane is  (antenna is at the origin). Because the planar antenna geometries all have an 
N-fold rotational symmetry based on the number of arms comprising the antenna it is very important to 
have a unique reference position, the equivalent of the  plane to base the rotational phase off in a 
physical realization of the antenna. The response of a typical spiral is shown in Figure 1.2, with mode 2 
being divided by mode1 of (a) amplitude and (b) phase. The thesis will discuss the limitation of the off 
broadside sensitivity in the sensor because the accuracy of detection of θ degrades as θ increases due to 
the change in the relative patterns decreasing. Note how important it is for the response in  to be unique 
as well, which is why only adjacent modes are used to eliminate phase wrap on the ratio. In some cases, 
the pattern will be distorted by additional modes some of which can be seen even for the spiral magnitude 
in Figure 1.2 (a) in the ripple. In Figure 1.2 (b), the phase should form straight lines through all off axis 
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angles for a constant  resulting in a unique amplitude and phase pair for each angle pair in (θ, ). In 
practice, the mapping accuracy is degraded by polarization, frequency and poor control of unwanted 
modes. In Chapter 3, the effects of these error sources will be examined in detail. As the phase map shows 
there is about a 10° slope in measured phase at a fixed  when θ is varied from 0 to 80°. More 
importantly, Fig. 1.2(b) show the phase clocking of 360º as the emitter rotates in  about a fixed  angle. 
 
Figure 1.1: AOA sensing coordinate system. 
 
 (a) Magnitude in dB (b) phase (°) 
Figure 1.2: Response of the channel ratio for a four-arm spiral at 10f0. 
 (  )
 (
 
 )
 
 
0 20 40 60 80
0
100
200
300
-10
-5
0
5
 (  )
 
 
0 20 40 60 80
0
100
200
300
-150
-100
-50
0
50
100
150
4 
 
Similarly, if a dual circularly polarized antenna receives a signal, the comparison of the two 
modes without knowledge of frequency, only the axial ratio can be measured directly. With the addition 
of frequency knowledge, the tilt angle of the received signal will also be determined but only if the AOA 
is also known approximately. Without AOA, the phase between the two modes is arbitrary because 
relative phase between mode1 and mode -1 is an independent periodic function of both polarization and 
direction. In particular, the phase for each circularly polarized mode has one full cycle as it rotates around 
broadside, with the clocking determined by polarization. The result is between the phase ratio between 
modes -1 and 1 has two complete cycles for each rotation in  at constant θ. This two complete cycle 
behavior also occurs as the emitter is rotated relative to a fixed angle in the sensor antenna pattern. 
Because of this, knowing the relative phase between the two sum channels is not sufficient information 
for detecting polarization. The outcome is that the dual polarized frequency independent antenna in order 
to solve the problem of polarization measurement already needs to be part of a system with AOA 
capability to get to a single value phase to tilt angle mapping.  
This polarization detection problem does not occur in the simplified case of a loop and dipole 
antenna, which will provide orthogonal polarization measurement with a unique phase regardless of 
direction. This outcome is because there is not phase slope in either pattern, thus the tilt angle is 
corresponds to the phase between the two antennas. However, these antennas do not have planar 
frequency independent equivalents and they are completely blind to broadside.  
1.2 Frequency Independent Antennas 
Frequency independent (FI) antennas are used for many sensor applications where the need is to 
detect a signal, not to necessarily provide a communication link. For conventional communication 
antennas the frequency and polarization are known, thus making the most important discriminators on the 
design efficiency and pattern coverage for a narrow frequency band. With FI antennas, the apertures are 
typically large to support as low a detection frequency as possible and often inefficient since they 
commonly use absorber to shape patterns and keep a low level of mismatch. The FI antennas come in 
many geometries, but for this thesis, we are only interested in those that can be flush mounted to a 
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platform, also known as planar. In this smaller group of antennas, we further restricted the interest in 
those with multi-polarized capabilities. The set that meet this requirement are sinuous [3, 4], co-planar log 
periodic [5, 6] and the MAW spiral [7]. Although the equiangular spiral can be dual polarized it 
inherently is not frequency independent in this mode of operation.  
First, the term FI is used in many places in this thesis, and the interpretation as presented in [8, 9] 
is that the geometry of the antenna should be expressed as a function of angles only to make its behavior 
self scaling for bandwidths of a decade or more. Examples of this type of geometry include equiangular 
spirals and sinuous. The impedance of such geometries is known through Booker‟s application of 
Babinet‟s principle from optics [10]. However, the first departure from theory to realization is terminating 
the geometry as the principle only addresses the infinite sheet case. The termination is usually a resistive 
load if the size of the antenna [11] is to be minimized, otherwise the antenna will typically be much larger 
than the wavelength at the lowest frequency of operation to achieve stable impedance and pattern. This 
area of understanding the MAW spiral is of key importance because the antenna would probably be used 
where volume and area are critical and terminating it into a matched load would not work as discussed 
later. 
The electrical size of the antenna can be limited to much smaller than its physical size by 
modifying the transmission line structure as the frequency increases. This design feature is often used in 
monopoles and dipoles where non-continuous bands are required. Specifically capacitive “traps” [12] are 
introduced to prevent higher frequencies from creating resonances across the full antenna aperture. This 
type of antenna modification also has a minimal effect on the radiation region by placing the “trap” 
outside that region. One of the first geometries developed demonstrating this capability for a planar 
aperture was the MAW spiral antenna. The analysis of the modulated transmission line behavior showed 
that for log-periodic dipole arrays, radiating elements could be decoupled from the input by use of the 
modulation on the feed line [13]. This work was then applied to spirals resulting in the MAW geometry. 
The MAW spiral geometry has an embedded self scaling circuit to prevent the effective electrical size 
from increasing beyond a designed size set by the modulations, but the modulations also help isolate the 
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radiation region from the input. The circuit, which will be called a bandstop hereafter, is the simplest 
bandstop filter [14]. It consists of a pair of quarter-wavelength sections, specifically cascaded low and 
high impedance sections that result in a reflection of the power back toward the input. This keeps the 
antenna much smaller electrically than physically once the bandstops are resonant. In the first patented 
MAW spiral planar geometry; this bandstop occurs at the 2λ circumference, because the antenna has four 
arms. In addition, if the modulation is chosen so that the amount of gap and metal in the transmission line 
are alternated and the period of the sections is the same as the number of arms then the geometry is self-
complementary [15]. The visual method of determining if a geometric figure is self-complementary is 
interchanging the metal with air for the antenna and confirming the antenna looks identical upon a simple 
translation or rotation. This operation is called the complement of the geometry. Some of the geometries 
discussed in this thesis have equal area for metal and air, but the geometries are not self-complementary. 
This departure from self-complementary was determined to have more significant effect on the 
impedance than the one addressed by [16]. Of particular interest in this investigation was how key was the 
self-complementary geometry to the antenna performance, since it is usually the starting point in 
developing an FI antenna. 
In this thesis, the MAW spiral geometry was compared with the sinuous geometry for relative 
merits particularly for the highest mode for which the beamformer has control. This evaluation had not 
been done previously. While investigations comparing the sinuous to the MAW for expected symmetric 
modes had been published [17], no conclusive reasons were established for the preference of the one 
geometry over the other. The marketplace has dictated a much broader use of the sinuous geometry based 
on the multiple vendors [18,19,20] and geometries available. Considering that, the patents for both 
antennas are held by the same company; there is no obvious reason for one design to become preferred, so 
a technical reason was evaluated as part of the first research activity. The result was that the sinuous 
typically outperformed the MAW spiral as a radiating element because of the inefficiency of the 
bandstop. No current advertisements of the MAW spiral antenna as a product were found in searches of 
media. Several other considerations that may have caused the increased usage of the sinuous include the 
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following: lower ohmic loss due to wider conductors for the same performance, less dispersion between 
the two antenna polarizations, and pattern symmetry between the opposite polarizations because the 
beamformer imposed the polarization sense. Etching the MAW spiral with a similar performance to the 
sinuous also requires higher accuracy. The resulting MAW spiral will only slightly reduce some of the 
pattern performance properties from the sinuous such as lowering oscillations in dispersion over 
frequency and in the tilt angle of the polarization. Probably as a result, research slowed on the MAW 
spirals, with a few claims in the 1990s [21-24]. These claims resulted in no improvements in either 
capability or performance of the antenna beyond what already was demonstrated in the results presented 
in [17], but do document that the antenna was being researched independently by several manufacturers. 
With modern highly digital receiver designs [25-27], the reexamination of the MAW spiral 
geometry was appropriate, because in part it had never been determined if a spiral antenna that provided 
both polarizations and no  bandwidth limit with patterns would be as well-behaved as an equiangular 
spiral antenna which is only capable of one polarization. The newest receiver configurations put less 
emphasis on beamforming by standard hybrid based beamformers and more on overall front end 
capability. This gives one a reason to investigate further the capability of geometries than may have been 
extremely hard to excite with conventional microwave beamformers, but straightforward with a digital 
sampling receiver. Additionally, while the basic operation of the antenna was shown in earlier research, 
the performance as a potential sensor was not investigated by patents or published technical papers [28-
30]. If a clear advantage or negative of the MAW spiral antenna existed, it had not been recognized.  
This thesis defines the limits of various portions of the MAW spiral design to ensure that if an 
application is desired, what criteria should be adjusted in the design for the application. Since the varied 
applications of the sensor make defining an all purpose optimum impossible, a more balanced approach to 
design investigation was taken. As an example, is it better to have a purer polarization or a constant 
impedance match. What is described in this thesis is the range of performance available with the MAW 
spiral geometry with sufficient resolution to indicate the range of values to search for the designer‟s 
potential solution. 
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1.3 MAW Spiral Antennas 
MAW spirals belong to the family of frequency independent antenna geometries. They are unique 
because they combine a resonant circuit outside the radiation region with a conventional spiral structure 
in the radiation region. For the MAW spiral, the resonant circuit can be designed independent of the 
radiating properties of the element. In fact, if possible the collocation of the resonant circuit of the MAW 
with the radiation region should be avoided. This requirement is the opposite of the sinuous and co-planar 
log periodic antennas, where the resonant element of geometry is in the radiation region in order to work. 
While the bandstop circuit of the MAW spiral will still have some reflections, the shorter the bandstop is 
relative to wavelength in the radiation region, the lower the interaction with the antenna response. At the 
same time, achieving a high level of reflection to prevent modal contamination from current propagating 
the opposite direction is difficult if the circuit is also expected to pass frequencies below resonance with 
almost no reflection. The low growth rate required to make the reflection efficient also results in high 
dispersion and ohmic loss. The reflection does however show a continuous response over frequency due 
to the self scaling structure even when the expansion rate is large (>2). 
A conventional spiral antenna has negligible reverse current component above twice its cutoff 
frequency for each mode due to radiation efficiency [31]. If terminated in a distributed load at the outside 
end of the arm the resonances are even further mitigated because the currents should not reflect off the 
termination. This response is why spirals are frequently investigated for acceptable pattern performance 
even well below their nominal cutoff.  The cutoff frequency is determined by the number of wavelengths 
in the circumference for the equivalent mode, i.e. 3 wavelengths for mode 3 patterns, and even if the 
efficiency is poor, the pattern may be excellent. For a MAW spiral, this termination method will not work 
since the dual polarization is achieved by reflecting outside the radiation region. The problem then 
becomes designing a reflection that only causes small changes in performance from the behavior above 
2f0. 
A sinuous antenna has a resonance at the radius where element swing is sufficient to approximate 
a half-wavelength dipole, as does the co-planar log periodic dipole array although the sinuous can exhibit 
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reduced electrical size if the elements are highly interlaced [32]. The result of the sinuous geometry is that 
the radiating behavior is closely tied to the element geometry, but also that it does not need to be 
terminated, as it is already an efficient radiator.  
1.4 Dispersion in Planar FI Antennas 
An initial concern raised with spirals was the dispersion, which before investigating MAW spirals 
was known to increase over wide bandwidths if the other pattern performance parameters improved [33-
35]. Dispersion in spirals has precluded some research in their potential for ultra wideband radar and 
broadband communications. For an antenna to have low dispersion means, it either radiates from a point 
over the bandwidth of interest (usually resulting in a changing pattern as is seen in many monopole 
designs) or uses a self scaling aperture of depth such as a Vivaldi horn. In spiral geometries, a traveling 
wave structure that varies in physical length with frequency is used to launch the field. The traveling 
wave structure due the delay growing exponentially with frequency results in the requirement for a non-
linear device to compensate it. The MAW spiral in reverse operation is expected to have even worse 
dispersion than forward because the currents must reflect from beyond the radiation region, giving it the 
fastest change in path length over frequency. For all equiangular spirals, the dispersion increases inversely 
to the expansion factor. However, for signals of normal bandwidth (< 2:1), this dispersion is small [36] 
and can be neglected except near the antenna cutoff. Additionally, technologies exist today to compensate 
for dispersion when the transfer function is well behaved as it is with a spiral antenna. For the sinuous and 
log-periodic geometries, the dispersion is not always monotonic due to the resonances and can require a 
more complex transfer function corresponding to the period of the arm swing. In this thesis, the 
dispersion properties of the MAW spiral will be evaluated and correlated with bandstops. 
1.5 Thesis Organization 
This thesis is organized in five chapters as follows: 
 Chapter 2, Dual Polarized MAW Spiral Antennas, the theory of operation and modeling of 
the antenna, as well as detailed results of a parametric study of the two parameters that can be 
varied under the basic geometry and their impact on pattern performance are discussed. 
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Impacts of less well described geometries including bi-layer, Archimedean and the scaling of 
the metal to slot ratio are described. 
 Chapter 3, AOA in Four-Arm Spirals, investigates the third mode available on a four-arm 
MAW spiral and its performance relative to conventional spiral and sinuous antennas. The 
research demonstrated this mode is useable for modern AOA where the frequency is known 
and the pattern is available in a look up table.  
 Chapter 4, Non-Self-Complementary Design Investigation, expands the parameters of the 
MAW spiral into non-complementary geometries evaluating the effect of period on the 
pattern and impedance. This investigation shows that antenna performance can be improved 
on various parameters by changing the period of the bandstop, in particular the polarization of 
the new mode, which is not controlled well by the parameters investigated in Chapter 2. 
 In Chapter 5, Multi-Arm Capabilities, the performance of other arm counts except 4 are 
characterized for the MAW spiral with an arbitrary number of arms for possible functionality. 
This research demonstrates that the MAW spiral suite arising from N arms provides 
additional capabilities by controlling N-1 modes as long as they radiate efficiently. 
 In Chapter 6, Conclusions, the results of the thesis are summarized and its contributions to the 
body of knowledge are specified. In addition, some areas for further research are delineated. 
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CHAPTER 2 
 
 
DUAL POLARIZED MAW SPIRAL ANTENNAS 
 
The literature survey of MAW spiral antennas had very little in published work outside the field 
of patents [7, 21-24], which were usually applied for primarily to protect company intellectual property. 
Because a patent is intentionally defining an idea legally, it rarely provides insight into whether and why 
the device works. The patent also reduced any interest outside the academic community in further 
research because the design is controlled for the next 20 years. What is presented in the literature is that in 
1991 six-arm MAW spiral and sinuous antennas could produce dual polarized sum and difference patterns 
[17]. That paper was the most recent published information on the MAW spiral antenna until the research 
contained herein which began in 2005 [37], with the exception of a few paragraphs in general articles on 
FI antennas [29]. The first effort in the research for this thesis was to determine what the useful limits 
were for modulation versus the physically possible, in particular since the initial research only addressed 
elements with one surface preventing overlap of adjacent arms. After demonstrating that the antenna 
could be modeled with stable results, the next step was to set up a series of cases to populate the range of 
capabilities of the MAW spiral has by varying the modulation and expansion rate. Finally, the effects of 
dielectric and absorber backed cavity are incorporated to ensure that a model of a more practical antenna 
is considered.  
2.1 Geometry of Frequency Independent Antennas 
A brief familiarization with the geometries commonly used in FI applications is discussed first. The 
representations of the MAW spiral, the sinuous and an equiangular spiral are shown in Figure 2.1. The 
first two are dual polarized over the bandwidth that is limited by the detail of the feed structure and the 
physical size. The equiangular spiral that is not self complementary is the parent geometry to the MAW 
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spiral, with M being the ratio of arm width between the equiangular spiral with wide arms and one with 
thin arms. The termination for an equiangular spiral is not critical, except near cutoff where the 
termination may be improved by resistive loading to reduce cross-polarization and improve impedance.  
 
 (a) (b) (c) 
  MAW spiral, M=4, EXP=1.5 Sinuous,  Equiangular Spiral, EXP = 1.5 
 
Figure 2.1 Studied four-arm FI geometries. 
 
These spiral elements are then connected to a balun beam/mode forming feed. For this 
investigation, the balun was assumed to be a cluster of 50 Ω coaxial lines, one for each of the four arms 
[30]. The fundamental equation for the family of equiangular spirals [38] is first investigated by Descartes 
mathematically in Equation (1):   
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0
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0
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f
EXPr
f
err  (1) 
Where r is the radius, r0 is the starting radius,  = growth rate; )(f = modulation function of 
the arm, (equals  for the equiangular spiral), EXP= e
2π
 is the increase in radius per one rotation,  = 
rotation angle, not limited to 2π Arc length )(s  for a particular r can then be computed by the usual 
calculus methods to be for the unmodulated spiral, where the starting radius is  = 0 as shown in Equation 
(2): 
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s
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Because the delay should be proportional to the arc length, the delay is expected to be nonlinear 
because the radiation region decreases linearly with frequency and delay is exponentially decreasing 
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causing a significant spread in the group delay of a wide band signal. 
While equiangular spirals are commonly found with two arms, we only investigated MAW spirals 
with three or more because of the expectation to have at least one mode provided by modulation that the 
equiangular spiral did not generate. A two arm planar geometry does not produce a different voltage 
phasing across the feed point dependent on polarization. In the planar case, the two arms are inherently 
propagating opposite directions to get from the feed point to the radiation region. This property produces 
only one mode near the vertex. The antenna must have additional conductors to distinguish incident 
polarization. The two-arm spiral does produce excellent polarization rejection for fields rotating opposite 
to the spiral wrap, showing even the simplest spiral element provides polarization filtering.  
In particular, this chapter investigates the four-arm geometry for MAW spirals because it is easily 
fed with a beamformer composed of commonly manufactured components – 180 and 90º hybrids [39]. 
Although the elements above could be fed with a matching balun to transform a 50Ω port to the antenna 
characteristic impedance [40], the mismatch losses are not that significant to overall performance, 
expectation is about 1 dB for a return loss of 6.8 dB. Making a balun would have been useful for the dual 
polarization evaluation, but difficult to fabricate into a center fed structure.  
The geometries of the sinuous and equiangular spiral will be more carefully compared in Chapter 
3 to the MAW spiral, but visually the differences between the three structures are noticeable as seen in 
Figure 2.1. The apparent first requirement for a dual polarized FI antenna is to have a conductor by 
inspection to cause current to flow in two directions on the element. The sinuous does this flow using arm 
swings, whereas the MAW spiral accomplishes the same result with reflective transmission line sections. 
The fourth geometry, coplanar log-periodic, not shown, accomplishes dual polarization by superposition 
of two orthogonal log periodic dipole elements which inherently has current flow in both directions at 
each radiating element [41 42]. 
To model numerically any of these antennas except for the equiangular spiral will require a very 
fine mesh because of the embedded resonances from the current flow. While most finite element 
algorithms have excellent meshing capability, they do not perform well on creating the symmetry 
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required for an antenna composed of elements that are identical except for rotation. This is due to two 
modeling problems. First, the mesh detail of the launch must make each arm sufficiently symmetric to 
create good cancellation with high coupling between arms. If the launch is done inaccurately, it causes 
significant errors in the prediction of the cross-polarization. Second, the sheer size of the problem 
becomes too large to do an accurate full volumetric model over frequency resulting in significant pattern 
differences between the arms known to be theoretically identical. While not always a serious limit to 
pattern prediction, imposing symmetry on the problem does make the solution easier to inspect for 
convergence. 
Design development was divided into four activities, consisting of developing robust models in 
FEKO [43], a method of moments modeling tool, followed by validating the model results in HFSS [44], 
a finite elements tool based on tetrahedral elements. Next, the parametric study of modulation and 
expansion factor are performed, while the validation of the results with a working prototype is performed 
at the end. The method of moments (MoM) simulation was chosen as the best tool for this problem 
because of the combination of  using a free space Green‟s function for pattern calculation and having no 
need for materials in the initial parametric study thus minimizing the model size. Using the FEKO solver 
optimized the computational time sufficiently to perform swept frequency and solution convergence 
evaluation of the design. Although results were run within the simulation containing coaxial launch and 
dielectric material, the emphasis for most cases was to determine that each geometry‟s behavior was 
known and stable. To simulate the MAW accurately, the mesh was held constant at approximately λmax/8 
excepting the fine structure surrounding the feed point. Part of the reason that the large runs were needed 
was to evaluate the antenna‟s sensor performance which requires much more information including 
complete patterns, stable transfer function over frequency because of the possibility of narrow band 
resonances and complete input response including coupling. 
2.2 Theory of Operation 
The spiral relies on the delay due to the growth of the spiral to bring adjacent arms into phase at 
the resonant circumference resulting in radiation by creating a current ring at the circumference where the 
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current is in phase between the adjacent arms [45]. An example of this phasing would be if mode 1 is 
desired on a three-arm spiral, the phase at the feed point is 120° between adjacent arms, however these 
adjacent arms will have no phase difference at a one wavelength radiating circumference because the 
lagging arm will travel an additional -120° to arrive at the same  location. The number of cycles in phase 
at the radiating circumference where the in-phase condition occurs corresponds to the mode and the 
progression of the phase either clockwise or counter clockwise determines the polarization. This property 
allows one to determine the nominal polarization of any spiral by visual inspection, with a right hand 
increasing wrap being right hand circularly polarized. Interestingly, if the current flows in the reverse 
direction (starting from the outside for instance) then the polarization will flip for the antenna [46]. 
Unfortunately, this solution is limited in bandwidth by the number of arms and the electrical size of the 
antenna. For the four-arm case, the limit will be slightly less than 3 times the cutoff frequency depending 
on dielectric and acceptable polarization level. For the MAW spiral, a method was developed to improve 
this bandwidth while keeping the antenna a spiral. The introduction of self scaling bandstops made the 
geometry dual polarized while maintaining frequency independence. The bandstop is a combination of 
two transmission line sections one high and one low as show in Figure 2.2. The combination is placed on 
each arm to maintain symmetry and at the same clocking on each arm. The angle occupied by each 
impedance section is π/N (N for the number of arms). The spacing is done to keep the spiral self 
complementary as well as to ensure rejection of modes greater than N/2. 
 
Figure 2.2: Illustration of a Bandstop for a four-arm MAW spiral antenna. 
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2.2.1 Bandstop Design 
The optimal design for the bandstop if only maximum reflection is desired is one where the 
characteristic impedances of the two sections are as different as possible to make the reflection coefficient 
almost unity. This situation would be when the modulation is largest, which is why the initial 
investigation of two-layer geometries to further increase the impedance disparity was performed. 
Modulation (M) is defined as the ratio of the cross-section width of transmission lines at the transition 
between the two impedances. If the frequency response neglects coupling in the bandstop region of this 
geometry, it can be approximated by the transfer matrix of transmission lines for a two port device as in 
Equation (3). This response is commonly used to create bandstop filters, as above the resonance the 
majority of the power reflects back in the direction of propagation. Cascading Equation (3), the reflection 
and transmission of an individual bandstop can be calculated by converting the ports back to local 
impedance.  
)cos(/)sin(
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A   (3) 
where 
M
Z  is the characteristic impedance of the section of coplanar waveguide-like (CPW) 
transmission line [47] as shown in Figure 2.3. We know that the mode chosen is not critical because the 
ratio of impedances is independent of the mode [16]. To obtain the ratio corresponding to M, one must go 
to the points at M/S<1 and M/S>1 such that the ratio of the two values equal M on Fig. 2.2. Note, the 
transmission line structure of a MAW spiral is not a true CPW (not surrounded by a ground plane on both 
sides, just the other spiral arms) and there is some secondary coupling to adjacent arms that will modify 
the results. What is being shown in Fig. 2.2 is the basic curve that would result for the arbitrary MAW 
spiral and mode when one wishes to calculate the effectiveness of a bandstop. If one cascades two of 
these sections together the resulting reflection term can be determined for the quarter wavelength case 
straightforwardly as in Equation (4). When  is near resonance the reflection coefficient of the bandstop 
becomes: 
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where,
2,1ncomp
M
Z  are the characteristic impedances of the first (high or low impedance) and second 
(low or high impedance) complementary sections. As indicated, order does not matter and this case is 
looking at two sections of similar length. If another pair of sections is added to this sequence, the 
reflection reaches -2.4 dB for the transmission line, when it is only -6.7 dB for one section pair if the arm 
modulation is 4. With a modulation of 8, the reflection improves to -1.1 dB with two section pairs still 
allowing a transmission of -12.3 dB. Obviously, the performance of the bandstops including coupling and 
variable lengths due to expansion factors will be important to the modal purity of the resulting pattern. 
Defining good performance for a mode generated by a bandstop would first be in comparison to its 
normal or forward operation pattern, and second the pattern of an unmodulated spiral with the same 
expansion factor. The parametric study has shown that the performance of a MAW spiral will be very 
similar in modes ±1 for a modulation of 8 and an expansion factor of 1.5. Neither of the four-arm MAW 
spiral modes will have the modal isolation of an equiangular spiral antenna for the same growth rate, but 
the antenna will achieve two polarizations in the same aperture size that the equiangular has only one. 
 
Figure 2.3 Impedance property of coplanar waveguide (Metal “M” versus slot “S” width for CPW). 
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The chosen location of the bandstop in the design is such as to ensure a self complementary 
structure to minimize the impedance effect of the bandstop. From [16] the impedance of any geometry 
that is self complementary is expressed as a relationship between the number of arms and the mode in 
which the arms are excited. However, the mathematical mapping requirement is that the complementary 
image of the structure is the same ensuring that impedance can be mapped back to a simple radial 
structure for which the impedance is known in Equation (5) [10], 
N
m
comp
m
Z
sin
4/
0
  (5) 
Where, m is the mode of operation, N is the number of arms, 0  is the characteristic impedance of free 
space, 
comp
m
Z  is the self-complementary modal impedance derived for mode m of an N-arm self-
complementary antenna as evaluated in free space.  
c
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Where the mapping to a self-complementary geometry is a ratio with the following variable descriptions 
[48]. 
ncomp
m
Z  is the non-complementary impedance for mode m with an arbitrary ratio of metal to non-
metal. 
nc
Z  is the non-complementary impedance for the transmission line of the antenna. 
c
Z  is the self-
complementary impedance. 
comp
m
Z  is the impedance for a self complementary structure computed using 
[16].  
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in which 
comp
eff
 is the effective loading of the dielectric substrate on the coplanar self-complementary 
structure. While overall, dielectric loading could be a way to improve bandstop performance, it also 
results in scaling the antenna away from free space and making it a less efficient radiator by the same 
scale factor resulting in poorer pattern performance or modal isolation.  
 
Figure 2.4: Reflection and transmission of bandstop section modeled at 2  radiating ring circumference. T 
is transmission through the bandstop,  is reflection from the bandstop, mn is the modulation of the spiral 
arm.  
 
Unfortunately, increasing the modulation does not scale directly to characteristic impedance. To 
achieve a reflection of 0.97 or suppression of mode 3 to -20 dB requires a 30:1 modulation ratio. The 
reflection and transmission coefficient responses of these lines computed using FEM code Ansoft HFSS 
are shown in Figure 2.4. For usable expansion factors, only one wrap of the arm will be near the resonant 
length. If the expansion factor is extremely low then the spiral can have significant ohmic losses. 
However, the bandstop performance will improve because the rejection of the lowpass will be increased 
by the cascaded response of multiple bandstops (more bandstops in the reflection region with a lower 
expansion factor). If the region where the bandstop will be useful on a four-arm MAW spiral is between 
the radiation ring for mode 1 and mode 3, then the number of bandstops can be determined from the 
expansion factor. The expansion factor is equivalent to the increase in size for each rotation then at best 
case a MAW spiral with growth of 1.5 produces a total of 2.7 wraps in this region. This number of wraps 
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would correspond to 10.8 bandstops, although obviously all are not near resonance because the frequency 
bandstop of each is shifted approximately 30%. The more realistic value for this expression would be 3 
bandstops as shown in Figure 2.4. The point from above in the derivation of the bandstop is that it is 
independent of the phasing between adjacent arms, the local impedance mismatch of the bandstop is the 
same. This issue is important because the phasing goes through a half cycle between the adjacent arms as 
the current travels from the mode 1 to mode 3 radiation ring. 
The practical limit for slow expansion with high modulation allows not much more than 3 
bandstop sections per arm in the bandstop region to reinforce constructively the reflection based on the 
limit for conventional etching tolerances and the changing delay for each section. Note that the use of the 
coplanar transmission line model for the circuit is consistent with the operation of the antenna, where 
each arm is fed with a different but radially symmetric potential from the adjacent arms. When the 
adjacent conductors have opposite polarity, as in the mode 2 case for a four arm the impedance structure 
at the feed is equivalent to conventional coplanar waveguide. The expected impedance of a coplanar 
waveguide is generalized for planar N-fold structures [48]. This case is for straight transmission lines 
where the phasing between arms is constant on a support structure similar to the MAW spirals considered 
here. The stability of the solution over frequency is excellent.  
The self-complementary geometry occurs in equiangular spirals except when arm width to gap 
ratio is intentionally altered as with slot spirals and even then is easily addressed by Booker‟s principle. 
With the MAW spiral geometry, the period must be a least common multiple of the number of arms to 
provide a self complementary image of the geometry. Otherwise the gaps are staggered because the metal 
sections do not align rotationally. This staggered geometry is not self-complementary because if the air 
gap and the metal were exchanged the resulting geometry could not be aligned to completely overlay the 
original geometry. Thus, the geometry normally used is one in which the modulation period matches the 
number of arms, because that choice is consistent with maximizing the useful modes of the spiral. An 
example is if the spiral has six arms, and the modulation has a period of six around the circumference, 
then the reflection occurs at mode 3 allowing the designer to use modes ±1 and ±2, if the period was three 
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then only ±1 would be available and the antenna would not be self-complementary. If a modulation 
period of 12 was chosen, no reverse modes would be created since the bandstop was at mode 6 radiating 
circumference. The conclusion for the four-arm geometry would be better patterns occur using low 
expansion factor, modulation ratio (m) of at least four and a modulation period of four. 
2.2.2 Dispersion in FI Antennas 
Dispersion in MAW spirals arises from the transmission line feed varying exponentially in length 
as the frequency changes linearly. Dispersion is defined as the frequency derivative of group delay or 
equivalently group velocity. Because the MAW spiral is functioning similar to a conventional waveguide 
[49] with a cutoff and a rapidly changing delay above cutoff, it will be much more dispersive than a 
ridged horn, but have the advantage of a fixed phase center in space, which is extremely useful for 
reflector feeds. With the addition of the bandstop, the reverse modes are even more dispersive because 
they travel through the radiation region twice to a reflection point of changing displacement beyond due 
to frequency. The response over frequency however is monotonic because the electrical separation 
between the bandstop and the radiation region is shrinking exponentially based on the arc length of the 
spiral arm as frequency increases, not oscillating like a sinuous antenna due to the frequent direction 
changes of the arm current. If the bandwidth of the signal is less than 2:1, then the dispersion can be 
reduced by applying a delay line to compensate for the difference between modes. The individual mode 
will still have some dispersion over the 2:1 bandwidth and it decreases with larger expansion rates. Figure 
2.5 shows the delay of a MAW spiral over frequency versus the other two common cavity backed FI 
antennas. Dispersion can be reduced by sacrificing beam symmetry by increasing the expansion factor. 
Because the fidelity of the received signal is typically a communication antenna concern further 
evaluation of the impact of the spreading of a pulse will be left to a later section. An additional concern 
with MAW spiral antennas is that the modes are dispersive relative to each other. This means that the 
signal distortion in reverse operation will be more significant than the forward operation.  
As Figure 2.5 shows, the delay for the MAW spiral mode -1 has almost 3 times the delay of the 
equiangular spiral in mode 1. The spiral and MAW spiral antenna have nearly identical delay for mode 1. 
22 
 
Interestingly, the sinuous shows a larger delay even though the geometry appears to have a shorter 
distance to go physically as shown in Figure 2.1. As mentioned before, while the sinuous could be tuned 
to have an identical delay to the spiral, its delay is controlled by the expansion factor of the arms (1.24 
estimated from the growth for each arm period) and the total swing of the arm (135°), for the case shown. 
This means the sinuous arm that was modeled cycles through the radiation region slightly less than twice 
as fast as the spiral, and one can expect it to have 675° for every 360° of delay for the spiral. Figure 2.6 
shows this geometry period clearly, as there are always just fewer than 2.5 cycles on the sinuous arm per 
spiral wrap. This logic does explain the delay difference shown in Figure 2.5, even though the arm is wide 
and appears visually shorter.  
 
Figure 2.5: Delay of the modes of the three different FI antennas. 
 
 
Figure 2.6: Overlaying the sinuous and spiral geometry to correlate expansion factors. 
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The parameters that were thought to be important for maintaining a reasonable comparison for 
these three different geometries were having the antennas have similar expansion factors. With the 
equiangular spiral this assumption was reasonable because the same expansion factor is used. For the 
sinuous however, because the equation is different the expansion factor seemed too high and instead a 
working geometry was estimated from a sample of the commercial literature. Because of this design 
choice, the delay of the sinuous is larger. Figure 2.7 shows that the delay is not the whole picture, the 
dispersion, which is the derivative of delay, is highly oscillatory (the vertical scale is for group velocity) 
for the sinuous and MAW spiral. This relationship is why for the data set the calculation became unstable 
as the antennas approach cutoff due to the ringing of the current on all the elements. Above that region the 
dispersion decays, and the periodic structures can be seen imbedded in the overall response. The 
equiangular spiral is smooth because it has no internal reflections above about twice the cutoff frequency. 
 
Figure 2.7: Dispersion (relative group velocity) of planar FI antennas. 
 
The current of the equiangular spiral is inversely proportional to the gap between the arms, so 
since the gap increases exponentially and the impedance is constant the current decreases exponentially.  
This current behavior makes it harder to present the arm current behavior graphically, especially for 
MAW spirals that locally vary the impedance as well. For an Archimedean spiral, the current still 
decreases due to the voltage differential decreasing between arms as they approach the radiation region. 
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The Archimedean arm width/gap ratio is constant from the feed region to the radiation region. As the 
Archimedean spiral grows the current still decreases from the feed point to the radiation region, after 
which the current further decays quickly due to radiation losses. As long as the arms are properly 
terminated the spiral behaves as if the geometry is infinite and no reflections occur back to the feed for 
the unmodulated spiral, ensuring both low cross-polarization and no impedance ripple. However, for 
MAW spiral antennas, the current must flow both directions on the arm to at least the bandstop region. 
This situation creates the potential for the input impedance to change over frequency due to the phasing of 
the reflection. The only way to reduce this ripple is to reduce the current reflected back through the 
radiation region to the feed of the MAW spiral. Several runs of different growth rates indicated that while 
pattern symmetry and efficiency improved with reduction in the expansion factor, no practical method by 
geometry alone would reduce the reflection. Figure 2.8 shows the MAW fed first as a single arm, then in 
both forward and reverse mode as well as in mode 2 for completeness. The currents can be seen to 
increase by several dB in the bandstop region. The different radiating circumferences marked correspond 
to  and 2  in free space. Note that the current increases on the low impedance sections as expected. The 
50 dB scale was used for all the geometries for consistency. 
 
 (a) Single Arm (b) Mode 1 
 
 (c) Mode 2 (d) Mode -1 
Figure 2.8: Currents for single arm and three modes of operation at 4 f0. 
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While the details may be hard to extract from the above representation, it is apparent that the 
currents extend into the radiation region for mode 3 in all operational modes including mode 1. In 
addition, for mode 2 the currents are significant even beyond this region. Most importantly though is that 
the strong currents at large radius are more significant in modes 2 and -1 and in mode 1, where the 
bandstops should create current minima and maxima at a spacing of λ/2. As can be seen in the clearly in 
Figure 2.9 the local peak in current is at the resonant bandstop transition. Although the low impedance 
section will have less current per area, in the bandstop region the wraps have much less current in their 
interior and high currents at the transitions. 
 
Figure 2.9: Bandstop current detail on the MAW spiral. 
As mentioned in the description of the bandstops, the modulation period is chosen primarily to be 
self-complementary, but even then the frequency independent impedance is still well behaved when the 
modulation exceeds 150%. There is a pronounced faster ripple for the antenna impedance for the over 
modulated case, but even when the modulation was reduced to self complementary with a small 
separation between the arms out of plane, the impedance was altered by the same magnitude and 
frequency. The offset between the opposite conductor arms was 0.0003 λ0, which would seem to be too 
small to explain the observed phenomenon, but there were no other modifications to the model. In 
addition, since the modulation ratio of the arm was varied and produced the same ripple in magnitude and 
frequency, it appears that the MAW geometry is quite sensitive to planarity. Further details will be 
provided later in the chapter. Although the over modulation does not change the impedance, the bandstop 
Resonant 
Bandstop region 
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created by this geometry shows actual degradation in polarization performance from the 8:1 modulation 
with the same growth rate for rejecting mode 3 at the lower end of the frequency band. Even well above 
the cutoff frequency only similar performance is produced by the modified MAW spiral, producing no 
conclusive reason to attempt a bi-layer fabrication. The faster embedded ripple in the self-complementary 
impedance shown in Figure 2.10 is consistent with the total arc length of the spiral. 
 
Figure 2.10 Input Impedance of a MAW spiral with modulations of 89% (8:1) and two layer of 150% 
2.3 Modeling 
Modeling of the MAW spiral antennas by MoM has several challenges. First, the computational 
expenditure of the cavity and dielectric in the model dwarfs that of the radiating element. This is because 
these surfaces are automatically larger than the physical element. In the case of dielectric modeling, the 
model will require additional basis functions for magnetic currents. Including them in the model quickly 
grows the scale of the computation. In addition, to excite properly the antenna from a coaxial interface 
requires the addition of a balun and beamformer. These devices are best handled separately by use of 
superposition methods to reduce computations in the solver tool. Especially because the tool repeats the 
entire matrix factorization on the geometry of each port, the inclusion of a balun would be inefficient. 
One negative to this approach is that the model shows more sensitivity to the launch geometry symmetry 
than the real hardware would. Simplifying the problem by removal of the balun makes the power division 
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more sensitive to the mesh than if the interaction is at a generator several wavelengths away. The 
modeling of a MAW spiral is also challenging due to a combination of fine and coarse geometric details, 
and the necessity to operate over multiple octaves while containing many narrowband rejection regions. 
The first objective is to ensure the mesh provides numerically stable and accurate results. To do this, 
several examples were run with the emphasis placed on the four fold symmetry of the mesh. The MAW 
spiral geometry ensures that the far-field must be rotationally symmetric when ideal phasing and 
amplitude is applied. This is important because the theoretical broadside cross-polarization (also co-
polarization for modes higher than ±1) must be zero for a symmetric geometry and ideal beamformer. The 
nominal case, uses a mesh triangular side length of less than /20 at the highest frequency. However, the 
geometry discretization results in slightly different triangular elements on antenna arms. When the 
symmetric mesh is enforced by the rotation of a single, already meshed arm, the broadside cross-
polarization drops to the value set by the computer‟s accuracy (about -80 dB here). Figure 2.11 
demonstrates the effect of mesh asymmetry associated with an implemented meshing algorithm in FEKO.  
 
Figure 2.11: Effects of mesh asymmetry on broadside gain for MAW spiral with the growth of 2 and 
modulation of 4 that is fed with wire probes, „nominal‟ refers to the automatic mesh by FEKO, 
„symmetric‟ refers to the enforced mesh symmetry. 
 
The use of the automated meshing tools does not enforce mesh symmetry even though it will 
impose a finer mesh around the feed region. As seen from Figure 2.11, the antenna needs to have the 
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symmetry imposed by using the same mesh on all arms that is obtained by rotating a single meshed arm. 
This technique is easily done in the MoM solver since it does not refine the mesh during the solution 
process nor have to mesh non-conductors if they are planar. Use of partial differential equation based 
solvers such as HFSS and CST for accurate modeling of MAW spirals is more challenging as the 
implementation of 3-D mesh symmetries requires tools to be developed to address specifically this 
symmetry. Experiments conducted with FEM code with continuous mesh refinement and increased order 
of expansion degraded the accuracy of the solution due to the loss of symmetry. Unfortunately, none of 
the commercial solvers takes advantage of the rotational symmetry of the spiral as of yet.  
In MoM solver, the MAW spiral was excited with different excitation techniques including edge 
(plate), wire and coaxial feeds. There were no appreciable differences in impedance or far-field 
performance. This result was expected because if modeled correctly, the feed point should be too small to 
affect the spiral impedance or pattern as long as symmetry is preserved.  
2.3.1 Finite Element Modeling 
Finite element modeling of the MAW spiral was used to confirm MoM model outputs, in 
particular the antenna impedance. FEM also allows the introduction of an absorber loaded cavity and 
substrate with minimal additional computational load. The mesh is only slightly denser due to the 
dielectric other than free space. The basic problem is that unlike the MoM solver the volume needs to be 
meshed to get the antenna to solve. However, the initial runs of the solver only would allow one run at a 
single frequency in the time that the MoM would provide a swept frequency result, which extremely 
limited the solver usefulness for the parametric investigations. This problem in addition to the symmetry 
problem described above made it difficult to make the antenna representation behave, as it should by 
inspection from knowledge of the theory underlying spiral pattern synthesis.  
The alternate time domain tool (CST) was not investigated although it has the potential to solve 
the entire model in one pass [50]. Some difficulties with the details of the feed point structure are 
expected to arise due to the cell size being not as flexible as FEM. CST also has a finite element solver 
similar to HFSS. With the problems already observed with the HFSS FEM, none of the discussions with 
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the vendor yielded reasons for further investigating CST. 
2.3.2 Dielectric 
The dielectric loading of the antenna was treated as a secondary effect because previous 
experience with spirals had shown that best pattern performance and match arose from designs that 
minimized dielectric parameters (permittivity and thickness). Even then, the initial modeling showed a 
strong coupling of the performance when the material exceeded an effective thickness of λ/25 [51]. This 
result was found initially by inspection of the results for a material of 0.08 mm. When the dielectric 
thickness exceeded the above value the results of the loading were observed in both the model and the 
measurements. Further simulations showed the change scaled with thickness and permittivity. In addition, 
the resulting pattern symmetry shifted with frequency for an element that was held constant. An attempt 
to avoid this problem was made computationally by imbedding the antenna in a symmetric dielectric with 
the same thickness on both sides and neglecting the fabrication gap. However, the higher level of pattern 
deterioration was observed, implying the problem was the dielectric loading itself rather than the field 
symmetry on the surface. Importantly, this result demonstrates the MAW spiral is a poor candidate for 
miniaturization by dielectric loading, if the arm termination was not a sufficient reason already. In our 
second fabrication the dielectric constant was lowered and the thickness reduced to maintain a similar 
sized element with less loading due to the substrate. 
2.3.3 Cavity 
The absorber loaded cavity of the MAW spiral or any dual polarized antenna is an unavoidable 
performance degradation source. First, as a minimum, one loses 3 dB by absorbing the backlobe, although 
theoretically this loss could be mitigated by cooling the cavity since there are no desired emissions from 
the cavity. However, the resulting sensor would still have the same front lobe pattern as the free space 
version, with gain of 6 dB instead of the 9 dB of a reflective cavity. The real performance improvement in 
G/T would be in the noise temperature of the antenna being reduced by up to 3 dB depending on the 
scene. Second, moving from the thought experiment to a real world implementation, the cavity absorber 
will typically be the same temperature as the antenna element making the effective temperature of the 
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antenna within 3 dB (only one lobe sees the ambient temperature) of the mounting structure. This is not 
the case with most sensors, which try to minimize the resistive and backlobe losses of the antenna. The 
cavity is desired to be as small as possible for packaging, although optimal performance will be with the 
antenna being loaded like free space so both hemispheres are symmetric. The usual compromise is to 
have the cavity sufficiently large that the element is entirely inside the cavity, with the depth being 
approximately ¼ λ at the lowest frequency of operation. While this approach is certain to raise cross-
polarization and modal contamination in the antenna pattern, it is a realistic implementation of the 
absorber backed cavity based on dimensions from multiple manufacturers. In order to model this structure 
efficiently, the cavity was normally treated with a infinite single layer of Perfect Matched Layer material, 
mathematically set for the first order to εr=μr=1-2.7i [52]. Although this response does not represent the 
dielectric properties of an existing material or even the theoretical concept of a reflectionless material in 
all directions, it is the suggested best compromise computationally. Two problems with this modeling 
approach are that due to the infinite layer of material, the backlobe results of the antenna are meaningless. 
However, overall the representation of the antenna should be similar to an antenna mounted in free space 
that is entirely contained like the commercial components. In the version of FEKO used for these 
simulations, the model could not process the cavity, as a simple waveguide port below cutoff so 
investigating this approach for terminating the cavity model was not addressed. 
2.3.4 Archimedean Geometries 
Figure 2.12 shows the Archimedean [53] version of a MAW spiral. While not specifically 
described by the patents as an alternative geometry to equiangular, there are no specific reasons it is not 
an equally suitable candidate for a modulated arm design. The major difference as shown is that as the 
frequency decreases the arc length increases faster than an equiangular antenna with the same number of 
circumferential wraps. If one examines the basic spiral geometry regardless of growth method 
(Archimedean, equiangular or some hybrid of the two) the capability to radiate orthogonal polarizations 
requires the direction of propagation on the spiral to be in the opposite direction for the second 
polarization. For two arms the sum mode is degenerate because the phasing is the same for both right and 
31 
 
left (0 and 180°), unless non-traditional feeding techniques are utilized or the structure is not planar [7, 
54]. For three arms and more, the two modes (forward and reflected) can be created by straightforward 
phasing techniques regardless of expansion method. 
 
Figure 2.12: A layout of an Archimedean non-self-complementary four-arm MAW spiral with modulation 
ratio of 4:1 metal and a 8:1 metal to gap ratio. 
 
The reverse mode has higher transmission line losses and consequently should be less efficient in 
practical implementation because it has to reflect off the outside end of the arm to return to the radiation 
region to radiate. This method of generating a second mode results in a significantly longer path length. 
Although the polarization of a MAW spiral is circular with the beamformer, the linear polarization can be 
achieved by combining the left and right ports through a 90° hybrid resulting in two orthogonal linear 
polarizations. The polarization axis of the resulting linear modes for the hybrid will rotate with the 
frequency at the rate of the spiral decreases with increasing frequency, thus significantly constraining the 
applicability of this antenna for linear polarization. Rotating linear polarization would require a frequency 
lookup table to determine the polarization with frequency. Sinuous antennas already have a mild version 
of the rotation of linear polarization condition, typically limited to 20° due to the coupling between arms. 
This result is one application where the sinuous is clearly more desirable than the MAW spiral. 
In trying to create pure orthogonal polarizations two items are in opposition. First, the normal 
mode must radiate efficiently before the bandstop to avoid the higher-order mode contamination or off-
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broadside axial ratio deterioration due to the reflection from the arm ends and radiation in the cross-
polarized mode. In the case of a four-arm spiral, the first higher order mode is mode 5 for mode 1 
operation, while the mode -3 is reflected. Mode 5 will increase pattern undulations, also known as Wobble 
on the Wave  (WoW) while mode -3 will degrade axial ratio and possibly the impedance match. Not 
surprisingly, cross-polarization is more difficult to control than WoW since the MAW cannot terminate 
the outside to reduce reflections like a conventional spiral.  
If the bandstop is not effective the pattern will have degraded WoW due to higher mode radiation. 
If the bandstop is ineffective it may also cause a cross-polarized term if it reflects from further along the 
arm producing both mode 5 and -3, (for reverse operation the modes flip and the radiation mode -1 occurs 
after the undesired mode 3, whereas contribution from mode -5 should very small). With the MAW, this 
result typically occurs for low modulation ratios. Additionally, if the power is not reflected the efficiency 
of the reverse mode will be degraded.  
In this section, the methods to improve WoW and polarization are discussed. Optimization of the 
impedance match will not be investigated, but the impedance will be evaluated on a comparative basis 
without implementation of a feeding geometry.  
The problem in making etches with extremely high modulation ratios is the close tolerance on the 
gap between the wide sections and also the potential for undercutting the trace width on the narrow 
sections impacting the self-complementary properties of the geometry. Further investigation showed there 
were effective limits to the impedance not well addressed by the initial theory.  
The Booker relationship based on Babinet‟s principle gives assurance that if the sections are 
complementary images (metal replaced with air and vice versa) of each other the ratio can be calculated 
trivially once one is known but there is a limit to the case for the ratio of metal to air. In the self 
complementary case, (two arms) the result is half free space impedance, or 188.5 . This results in the 
impedance to ground of 94.2  when looking at the potential to ground instead of the other arm. However, 
if the non-complementary spiral is taken to the limit of a thin single wire the impedance is still only 
approximately 254  (less if dielectrically loaded). This was calculated from a computer simulation for a 
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four-arm spiral, therefore using Booker‟s relationship, the practical result for a band stop of the planar 
spiral cannot be less than 70  based on the ratio to the 188.5Ω self-complementary value. For the case of 
extremely high modulation ratios a mismatch of about 0.56 is the maximum for a single bandstop.  
The Archimedean spiral has been used since the earliest days of spiral antenna engineering and 
though not truly frequency independent due to the growth rate being determined by arm width rather than 
angle it performs similarly to a frequency independent equiangular spiral. The potential differences 
between equiangular and Archimedean MAW spirals or the dependence of antenna performance on the 
type of the growth have not been researched in the open literature [55]. The un-modulated Archimedean 
and equiangular spiral forms in planar form are drawn in Figure 2.13 (a, b). The Archimedean spiral has a 
constant arm width and constant separation between arms through the entire aperture. The defining arc 
length equation for this antenna is still geometric growth, but because of its distribution, it will be more 
dispersive at lower frequencies but typically have a more symmetric pattern near cutoff.  
    
   (a) (b) 
Figure 2.13: Four-arm Archimedean (a) and equiangular (b) spirals.  
 
The spirals are shown to have two turns or wraps, but look radically different due to the 
difference between Equations (1) and (8). This difference, although mitigated for lower growth rates on 
the equiangular always puts more wraps between two large radii for the Archimedean once the arm width 
of the equiangular is larger than a, versus finer self-scaling structure as the center for the equiangular. 
Spirals as shown are in the xy plane and  corresponds to the angle in cylindrical coordinates for the 
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normal coordinate system that shares z with the rectangular system. Equation (8) below specifies the 
parameters of the basis curve for the Archimedean spiral. 
arr
0
 (8) 
where r0 is the starting radius, a is the growth rate, and  is the progressive growth angle. The equiangular 
spiral has progressively increased arm width and separation between the arms as they open toward the 
outside. This shape can be entirely described by angles and is the basis for the frequency independent 
principles.  
For an expansion factor approaching 1, the equiangular spiral arm width and separation between 
the arms, will remain nearly the same for each turn converging to the Archimedean case. Relevant 
parameters to evaluate the band-stop for both spirals include reverse gain, cross-polarization and WoW. 
Tables 2.1-3 compare the forward and reverse performance parameters for several four-arm equiangular 
and Archimedean MAW spirals as a function of the modulation ratio. Results listed here for the 
Archimedean were averaged from 2f0 to 5f0 with a logarithmic density, where f0 denotes the cut-off 
frequency determined by the location of mode 1 radiating region. Frequencies below 2f0 were eliminated 
from the data set because the MAW spiral cannot radiate other modes below this frequency. Archimedean 
MAW spirals are computed in FEKO, while the reference data from [55] were obtained using GNEC.  
Shown in Table 2.1 is the comparison between the averaged broadside gains. As seen, in the forward 
mode of operation both designs yield similar performance with the gain virtually unaffected by the 
modulation ratio. The nominal gain value is around 5.5 dBic. As the modulation ratio increases, the gain 
results converge to those of the forward mode. Interestingly, the Archimedean MAW spiral shows better 
performance, i.e., the faster convergence of the reverse gains. For modulation ratios above 4, there is 
virtually no difference in the averaged gains in forward and reverse modes for the Archimedean spiral, 
probably due to the tighter winding at large radii.  
Shown in Table 2.2 is the comparison between the averaged cross-polarization levels at an 
elevation angle of 30º. As seen, the performance of the MAW spirals is similarly affected in both designs, 
which results in good performance for the modulation ratio of 8 in both designs. As the modulation ratio 
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increases further, the cross-polarization level in the forward mode deteriorates, while it improves for the 
reverse mode. This is not surprising because as the bandstop works better, mode -3 will increase while 
mode 5 will decrease for a mode 1 excitation.  
Modulation 
Equiangular 
Forward 
Equiangular 
Reverse 
Archimedean 
Forward 
Archimedean 
Reverse 
2 5.5 -1.0 5.4 2.4 
4 5.6 2.1 4.9 4.3 
8 6.0 4.6 5.4 5. 6 
 
Table 2.1. Average gains (dBic) of self-complementary equiangular and Archimedean MAW spirals with 
different modulation ratios 
 
Modulation 
Equiangular 
Forward 
Equiangular 
Reverse 
Archimedean 
Forward 
Archimedean 
Reverse 
2 -34 -9.0 -35.3 -6.3 
4 -33 -12.5 -30.8 -12.8 
8 -32 -16.5 -27.0 -18.0 
 
Table 2.2. Average cross-polarization (dB) for self-complementary equiangular and Archimedean MAW 
spirals with different modulation ratios 
 
Shown in Table 2.3 is the comparison between the averaged levels of pattern undulations at 
elevation angle of 30º, computed in terms of the WoW. As seen, the modulation ratio does not affect the 
forward WoW for either of the two designs. In addition, for the forward mode, the equiangular and 
Archimedean MAW spiral, both have the same WoW. However, the WoW is very low and consistent 
with the Archimedean MAW spiral, even for the small modulation ratios at high frequencies, as opposed 
to the observably higher values for the equiangular. This result is surprising since the equiangular spiral 
has a finer center structure. 
The geometries chosen in the above study had the same number of turns (as shown in Figure 
2.13), however, due to the different growth rates the arm-length is over twice as long for the 
Archimedean. The results presented in Tables 2.1-3 can be summarized as follows: the major difference is 
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in the reverse gain, where the Archimedean case shows significant improvement for all modulation ratios. 
The cross-polarization is similar. WoW of the Archimedean is slightly better, probably due to the better 
suppression of mode 5 over most of the operating band. It is possible that the equiangular would achieve 
similar results to the Archimedean MAW spiral if designed with a lower expansion factor. However, the 
study presented in this section is based on the same number of turns on the MAW spiral element. 
Modulation 
Equiangular 
Forward 
Equiangular 
Reverse 
Archimedean 
Forward 
Archimedean 
Reverse 
2 0.3 1.0 0.3 0.3 
4 0.3 1.2 0.2 0.3 
8 0.3 1.0 0.3 0.2 
 
Table 2.3. Average WoW (dB) at θ = 30º for equiangular and Archimedean spirals with complementary 
geometry with different modulation ratios 
 
2.3.5 Arm Width Ratios that are Not Self Complementary 
 
Figure 2.14: Example of non-self-complementary MAW Archimedean spiral, combining the low 
impedance sections from 8:1 MAW spiral and high impedance sections from 2:1 MAW spiral (of the self-
complementary type) 
 
One other way to possible improve the MAW spiral performance is to change the average of the 
metal to slot away from 50% at which it is still expected to behave under Babinet‟s principle. By reducing 
the slot percentage the expected impedance could be reduced significantly closer to the 50Ω coaxial feed 
cluster. The research in this area showed modest improvement independent of the modulation ratio when 
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the average impedance was decreased. This study was not duplicated in equiangular spirals. Figure 2.14 
shows the non-self-complementary structure arising from changing the base spiral from 50% metal to 
77.8% prior to modulation of the spiral. 
In investigating impact of MAW spiral non-complementarities on its performance, a baseline was 
chosen to be the Archimedean spiral, which in light of the other research makes comparisons harder. The 
impedance, gain and cross-polarization are of interest. For this case, the non-self-complementary 
structures are created in the following way. First, the ratio of the widths of the metal to the slot in the low-
impedance section of the MAW spiral is set to 8:1. Then, the width of the metal sections in the high 
impedance regions is increased to achieve the overall modulation ratios of 2:1 and 4:1. The initial 8:1 
self-complementary structure was chosen since it has the best dual-polarized performance; however it 
also has a significant mismatch problem.  
The averaged broadside gain comparison is shown in Table 2.4.  As seen, the forward gain is 
improved by about 0.5dB for the two studied modulation ratios. At the same time, the reverse gain has 
seen improvement of 2.1dB and 1.2dB for modulation ratios of 2 and 4, respectively.  
Modulation 
Self-
Complementary 
Forward 
Self-
Complementary 
Reverse 
Non-Self-
Complementary 
Forward 
Non-Self-
Complementary 
Reverse 
2 5.35 2.35 5.71 4.44 
4 4.88 4.30 5.32 5.55 
 
Table 2.4. Comparison of average broadside gains (dBic) between the self- and non-self-complementary 
Archimedean MAW spirals 
 
Figure 2.15 shows the increasing impedance (reactive term is small relative to the resistance) on 
an Archimedean MAW spiral due to modulation, but some of this can be mitigated by more a non-self-
complementary treatment of the feed region. Shown in Figure 2.16 is an improvement in the expected 
impedance ripple and its overall stability with non-self-complementary Archimedean MAW spirals. As 
seen, by increasing the ratio of metal to slot widths in the low-impedance region only, while maintaining 
the same modulation ratio, the impedance variations became almost insignificant when compared with the 
self-complementary four-arm spiral antenna in (b). Shown in the figure is only the forward mode of 
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operation. The averaged cross-polarization at 30º for the two modes of operation and self- and non-self-
complementary Archimedean MAW spirals are shown in Table 2.5. As seen, both designs have very good 
cross-polarizations in the forward mode. In the reverse mode, the cross-polarization levels with the non-
self-complementary MAW spiral are improved by about 1.3dB and 0.6dB when the modulation ratios are 
2 and 4, respectively.  
 
Figure 2.15: Input resistances of Archimedean self-complementary MAW spirals 
 
Figure 2.16: Input resistances of Archimedean non-self-complementary MAW spirals with the bandstop 
metal to slot width ratio of 8:1. 
 
What the Archimedean MAW spiral exhibited here with the impedance is the interaction between 
the modulation sections and the feed point. Because the geometry used was starting with a high 
impedance near the feed point, it was quite reasonable as the impedance was lowered at the feed point 
launch that the overall impedance became better behaved. 
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The more surprising result is how well the lower average impedance made the overall 
performance of the Archimedean MAW spiral improve. While this result is expected to be universal, the 
initial significance is all these trends are in the right direction to improve the overall spiral performance 
by reducing the impedance from the self complementary case. Several runs on exponential MAW spirals 
with expansion factors of 2 did not yield as dramatic results, so the slow growth rate of the Archimedean 
spiral is apparently needed. Further work should be pursued in this area, as for the thesis the decision was 
to narrow the emphasis to spirals that had equal metal and air ratios. 
Modulation 
Self-
Complementary 
Forward 
Self-
Complementary 
Reverse 
Non-Self-
Complementary 
Forward 
Non-Self-
Complementary 
Reverse 
2 -35.3 -6.3 -30.4 -7.6 
4 -30.8 -12.8 -29.4 -13.4 
 
Table 2.5. Comparison of average cross-polarization (dB) between self- and non-self-complementary 
Archimedean MAW spirals, elevation angle is θ=30° 
 
2.3.6 Bi-Layer Geometries 
The bandstop performance can possibly be improved by further overlapping the adjacent arms on 
a printed element by putting one on the other side. This concept is a further extension of the non-self-
complementary geometries. In this case, again the parametric term becomes even more awkward for 
modulation ratio, because the arms overlap giving rise to a nominally “negative” gap ratio. In addition, 
another parameter enters into the description, specifically vertical separation between the two arms. For 
the cases described in this section the modulation ratio was restricted to 12:1 again based on the width of 
metal in the high impedance section being from a parent self-complementary 8:1 geometry. For this case, 
17:1 would be the highest possible ratio after which the element would short out to the opposite arm. 
Figure 2.17 shows the bi-layer geometry with the separation much larger than that used to see how the 
low impedance sections overlap in this geometry unlike the planar geometry. 
The most important design parameter for a dual side (or bi-layer) MAW spiral is the separation 
between the arm sets due to the dielectric thickness, and the overlap, i.e. the new modulation ratio that 
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now allows for overlap between the low-impedance sections. The initial evaluation showed some 
improvements over the 8:1 baseline, single layer MAW spiral. The growth rate, feed region size / 
geometry, and overall diameter are kept the same for two structures and their effects will not be 
considered at the present time. The resistance (reactance is small) for various spaces between the 12:1 bi-
layer MAW spiral is shown in Figure 2.18. As expected, the impedance is affected by the space, however, 
it also converges to the nominal value of 133Ω as the separation increases.  
 
Figure 2.17: Exaggerated bi-layer equiangular spiral with 12:1 modulation and large separation to show 
two layers 
 
Figure 2.18: Impedance of a bi-layer equiangular spiral for different spacings between the layers. 
 
Shown in Figures 2.19 and 2.20 are the effects of the spacing between the two sets of MAW 
Archimedean spiral arms to the cross-polarization at broadside (θ=0º) and at θ=30º for the reverse mode 
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and modulation ratio of 12:1. As seen, the increased spacing significantly deteriorates the circular 
polarization quality. The dielectric was not introduced into the model for these simulations due to 
computational time. The dielectric will also load any built antenna significantly relative to free space 
predictions since significant coupling is occurring through the dielectric. 
 
Figure 2.19: Pattern cross-polarization for antenna with 50% arm overlap and 12:1 modulation ratio at 
broadside with different spacings between layers 
 
 
Figure 2.20: Pattern cross-polarization for antenna with 50% arm overlap and 12:1 Modulation Ratio 
at θ=30°. 
 
The improvements associated with the ability to increase the modulation ratio by etching on both 
sides of the substrate are best illustrated in Figure 2.21 versus Figure 2.22. As seen, the 12:1 dual-layer 
MAW Archimedean spiral has improved reverse mode cross-polarized gains. The forward mode remains 
good at all times; however, the performance of an un-modulated spiral is about 10 dB better than any 
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MAW spiral.  
 
Figure 2.21: Cross-polarized gain for the reverse mode of operation for 8:1 and 12:1 modulation ratios 
with a single and dual layer MAW spirals at θ = 30°. 
 
Shown in Figure 2.23 is a pattern comparison between the two antennas phased for operation in the 
reversed mode. As seen, the dual-layer design has better pattern purity for elevation angles above about 
20º. The maximal cross-polarization gain for the dual layer MAW spiral is about -13 at 27º and -8.5 dBic 
at 40º for a single layer MAW spiral. Overall, up to about 5 dB improvement in cross-polarization is 
obtained with the dual-side MAW spiral. The most important phenomenon arising from the non-planar 
structure is the broadside cross-polarization. The planar antenna element never has a problem with 
broadside cross-polarization due to symmetry, but the non-planar antenna has a significant broadside 
cross polarization term arising from the gap between the two surfaces even though the non-planar antenna 
can sometimes reduce off broadside cross-pol. 
The results shown in this section clearly demonstrate that the dual-layer design can be a valuable 
option for improving the performance of the MAW spiral. It is important to note that the numerical 
computations with method of moments have sometimes experienced convergence issues, particularly 
when the thickness of the separation layer was small. This, along with a more detailed optimization study 
involving the amount of overlap, dielectric constant and the thickness of the separation layer, as well as 
additional verifications with other tools or measurements are needed.  
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Figure 2.22: Cross-polarized gain for the dual layer MAW spiral, separation of 0.0027λ0. 
 
Finally, the dual-layer MAW spiral configuration can be designed and fabricated with a 
somewhat simpler beamformer network. Specifically, to beamform modes 1 and -1 with a single layer 
MAW spiral, one needs to incorporate either a Butler matrix network or a combination of a 90º hybrid 
and broadband baluns. Instead, a simple dual-coaxial line feed structure with a single 90º hybrid can be 
utilized for beamforming the dual-layer MAW spiral because the inner and outer conductor can be 
soldered to opposite sides of the element dielectric.  
 
Figure 2.23: Pattern comparison of planar versus dual (bi)-layer Archimedean MAW with 0.0027λ0 
spacing and 50% overlap at f=6f0. 
 
In summary, with the non-self-complementary MAW spirals, the gain, polarization and 
impedance can improve, indicating that band stop is more significant to overall performance than the 
modulation ratio itself. Based on the conclusions from this section, a way of improving the band stop is 
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very desirable.  An improvement consisting of placing two opposite out of phase excited sets of arms on 
either side of the dielectric and thus achieving further reduction in the impedance of the low-impedance 
section was attempted mathematically. Further experimental research is needed to validate fully the above 
computational observations. 
2.4 Design and Parametric Study 
The conducted parametric study for equiangular spirals evolved around the expectation that high 
modulation ratio and slow growth would result in the best pattern performance of the antenna. Layouts of 
four different four-arm equiangular self-complementary MAW spirals are shown in Figure 2.24. In the 
figure, the geometry is varied by expansion factor and modulation ratio often referred to as expansion and 
modulation, respectively. The forward operational mode for the broadside (or z-axis) pointing out of the 
page of the spiral in Figure 2.24 to the observer is right-hand circularly polarized. The reverse mode 
corresponds to the opposite  sense, thus it is left-hand circularly polarized. 
 
Figure 2.24: Layout of planar MAW spirals with expansion and modulation of: (a) 3 and 2, (b) 3 and 8, 
(c) 1.25 and 2, (d) 1.25 and 8. 
 
2.4.1 Spiral Antenna Contribution to the MAW Spiral 
Spirals, depending on the phasing of their arms generate different radiation modes. The modes 
generated are the standard set of harmonic functions in  [56]. Limited bandwidth solutions are available 
(a) (b
) 
(c) (d) 
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when the two modes are not collocated as in the geometry that excites both the outside and inside of the 
spiral [46]. Only two modes are available and the in-phase feeding would result in a differential mode if it 
would even radiate at all (typically impedance is very high) from the center launch geometry. 
If the wrapping of the spiral with N arms (N>2) is counter to the center-fed feed phasing 
progression with one cycle, the spiral will generate opposite polarization if the radiating circumference is 
smaller than (N-1) 0, where 0 is the mode 1 cutoff wavelength equal to the waveguide radiating 
circumference. If the spiral circumference is comparable to or greater than (N-1) 0, a higher-order co-
polarized difference pattern will radiate. This pattern will have (N-1) cycles of phase rotationally in the 
far-field. More importantly, the active region for the (N-1) mode will be at a circumference consistent 
with the radiated mode. In the case of a four-arm spiral, this is mode 3. Because of this property, if a low-
pass circuit element is designed and placed before the (N-1)  ring of radiation,  being the signal 
wavelength, the bandwidth of the dual polarization spiral can be extended almost indefinitely only limited 
by the feed point geometry. Without a low-pass circuit, the switch between co-polarized sum and cross-
polarized difference operation mode limits the useable dual polarization bandwidth of the spiral to <(N-1) 
f0, where f0 = c0/ 0, and c0 is the speed of light. 
To make the spiral both frequency independent and polarization diverse the spiral must be 
modified to reflect before it can efficiently radiate the undesired difference mode. To achieve this result at 
least two drastically different quarter-wave impedance sections are cascaded to create reflection before 
the spiral‟s difference active region for the reverse phasing condition. For a four-arm MAW spiral, these 
sections will be placed at a circumference ring of 2 . This is intentionally outside the mode 1 active 
region. The sum pattern will radiate at a circumference of  and the difference pattern (consistent with 
reverse single cycle phasing) will be suppressed by the currents not reaching the 3  circumference. The 
feed structure (beamformer) must support the two symmetric impedance modes (both positive and 
negative for forward and reverse operations). The MAW spiral is typically fed with a coaxial cluster 
mated to a beamformer which provides proper phasing between arms. As with traditional spirals, the 
limiting bandwidth features are the feed point radius (upper end) and antenna circumference (lower end). 
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2.5 Performance Measures 
The performance requirements of a sensor are often more demanding than the requirements of a 
conventional communication antenna because of the need to address the antenna pattern as part of the 
transform of the received signal. Usually one can define a communication antenna by mismatch, gain, 
polarization and beamwidth. On rare occasions, first sidelobes matter because of the potential to try to 
make a link on the sidelobe rather than the mainbeam in particular if the sidelobe is too high it can cause 
links to adjacent satellites to be contaminated, reduce  the polarization reuse of an antenna or its ability to 
be used in other more sophisticated applications such as SAR.  
In a sensor‟s most sophisticated implementation even the time response is significant because it 
can cause dispersion of signals that have extreme bandwidth. For most signals where the bandwidth is 
small (<5%) resulting in an almost constant group velocity. This term can be neglected for an FI sensor 
and then the response as a function of angle and polarization become critical. Investigation into wideband 
signals is not a goal of this thesis but from Chapter II it was shown that the dispersion of the MAW spiral 
was in the nsec
2
/m, range. These requirements quickly becomes having the pattern as symmetric as 
possible to make it easy to array the antenna for enhanced resolution of the received signal with minimal 
dispersion. Having an antenna that is blind to a particular angle, polarization or frequency will 
significantly degrade the overall effectiveness of the device. Also, having patterns that are not simply 
related to each other by either being identical or having a single value map from the one pattern to the 
other is very important. In this section, we will define some of these less commonly used figures of merit 
and explain their significance to expressing performance of the antenna as a sensor. 
That is not to say gain is not an important performance parameter of any MAW design, but the 
best gain for a symmetric pattern is already controlled by attempts to reduce cross-polarization and 
pattern ripple that are discussed below. The gain is still the first test that the design has any promise; if the 
forward and reverse gain are not similar then the bandstops are not performing well in the design. 
2.5.1 Polarization 
For polarization of a sensor it is much more important to be consistent than good, although the 
47 
 
two usually happen together. In particular if one is comparing the response of an antenna to a signal 
received at two different angles, the first requirement is they have the same magnitude response at least if 
elevation ( ) is constant. This constant response requirement ensures that the sensor has the same 
sensitivity at all azimuth ( ) angles while allowing the designer to modify the pattern in θ to improve 
sensitivity in the desired region of coverage. If the sensor is dual polarized, then being able to determine 
the polarization of the signal should be straightforward, but works best if the patterns are orthogonal at the 
angle the signal is detected. The best way to evaluate this behavior is by determining the dot product of 
the two patterns, if the patterns are perfectly orthogonal the result is zero at all angles of coverage. A non-
zero result directly correlates to how large the error on polarization measurement will be if not 
compensated. However, compensation can only occur if the signal direction is known which would 
require the overall instrument to be much more complicated and introduce another potential error of 
knowledge of the signal direction. Thus signal orthgonality is an important term when defining the multi-
polarized sensor‟s performance. 
2.5.2 Beamformer Modal Purity 
The beamformer also limits the performance of the sensor; however, this thesis does not examine 
its effects in greater detail. From the standpoint of sensor performance, the beamformer is responsible for 
removing all modes that are close to the desired mode and are not a multiple of the arm count of the 
spiral. In other words, for a four-arm spiral a beamformer can output mode 1 to a discrete port while 
filtering modes 0, 2 and 3 into different ports or loads. However, if the mode is 5, -3 or -7 the four-arm 
beamformer cannot distinguish these modes from mode 1, only the antenna element can remove those 
responses. For the definition of the performance, it is best represented as the rejection of other modes. The 
typical efficiency this is done with is about 20 dB or 1 percent contamination. For the design evaluations 
done here, the control goal was to reduce any pattern contamination to the level where this property was 
the limit on performance. This value still corresponds to a pattern ripple of 1.7 dB peak to peak in  if the 
two modes have the same normalized power at the angle of interest. Modal purity is calculated by the 
modal split of the beamformer using a Fast Fourier Transform (FFT) to sort the beamformer into 
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symmetric orthogonal responses. The response using this approach determines for a given input port how 
much power is delivered in the defined mode. For the four-arm case, the single arm response has a 6 dB 
insertion loss from the power division on top of whatever losses due to ohmic and modal. If the result of 
the four arms is processed as described above with the FFT, the results show the performance for a 
component beamformer with internal (ohmic and mismatch) loss increasing with frequency from 1 to 5 
dB over a 20:1 bandwidth and a minimum modal purity of 10 dB. The results can be demonstrated for 
each mode. In this case, the reflection of all the components was optimized for 50Ω by the manufacturer, 
but a transformer could be designed to recover the mismatch loss of 0.5 dB between the beamformer and 
the antenna, because for the four-arm spiral the input impedance is approximately 100Ω on each arm in 
isolation. The component beamformers  have high isolation port to port  (rarely would one expect a 
hybrid to have 6 dB coupling between the two ports by design), building one to have the same coupled 
behavior as the spiral would be difficult, especially if more than one mode was desired. 
2.5.3 Pattern Purity 
Pattern purity begins with symmetry of the pattern if spun around the broadside. This term is 
frequently referred to as WoW because when plotted it has typically multiple ripples but is periodic in . 
The period of these terms usually are an indication of the source of pattern contamination. If the pattern 
has a single cycle, the source is usually the beamformer. Two cycles will usually arise when the antenna 
is near cutoff and the single arm pattern is more like a dipole. If the period is the same as the number of 
arms, then the dominant polarization of the ripple quickly defines if it is a reflection (cross) or higher 
order (co) due to poor radiation. Both of these phenomena are negligible below the cutoff of the 
respective mode, as in reverse operation of a four-arm MAW, modes would be 3 and -5 respectively and 
could only radiate efficiently if the circumference was >3 wavelengths.  
2.5.4 Termination 
The termination of conventional spirals is usually done with either a taper as the spiral crosses the 
edge aperture or the arm is terminated into a series of resistive loads that provide a good match even far 
below the antenna‟s cutoff. Commercial antennas clearly use both the short and open geometries as 
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observed in their literature, showing elements done both ways.  
Terminating a MAW spiral is problematic because the reflection is needed for reverse operation. 
However, the reflection causes an impedance spike in operation when the reflected wave interferes with 
the arm termination destructively. This situation is narrowband, but as shown in the results below it can 
be tuned to reduce the magnitude of the ringing, The MAW spiral should not be terminated with a 
resistive load since the dual polarization operation is then compromised below 2f0. Investigation of the 
length of the terminating section indicates the reverse gain drop-out at about f/f0=2 can be reduced if the 
antenna ends in a low-impedance section. Figure 2.25 and 2.26 show where the last section was varied 
from 45° (an eighth rotation or /4 at 2f0) to a full low-impedance section. As seen, when the MAW spiral 
termination became a low impedance transmission line the decrease in gain was significantly reduced. 
 
Figure 2.25: Simulated reverse operation broadside gain near cutoff for different termination lengths in 
the final bandstop with either low or high Z0. 
 
Figure 2.26: MAW spiral termination geometry with the different cut locations for Figure 2.25. 
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Reverse gain changes significantly with the terminating section due to the interaction between the 
bandstop and the open end of the MAW spiral. Once the reflection of the bandstop is shifted off 
resonance, the smoothness of the gain improves until the section becomes low impedance. At this point, 
the gain gradually degrades back to the high impedance resonance. The phasing between the bandstop 
region and the open at the end of the MAW spiral will always vary some because of the difference in 
delay. Tuning for the removal of the resonance is the last step after choosing an expansion factor 
reasonable for achieving low loss, an accurate etch, and acceptable pattern performance. Note, the better 
the bandstop reflects the current, the more the termination reflection is reduced. Realistically, from the 
discussion on bandstops alone from above, the best suppression of the reflection that can be hoped for is 
perhaps 3 dB so making sure the antenna radiates mode 1 efficiently is more important in the designs 
investigated. The reducing of the expansion factor should help by reducing currents past the radiation 
region while introducing more separation between the bandstop and the radiation region. 
2.5.5 Ripple from Modulation 
The antenna performance is dependent on a design of four operational regions: balanced feed 
line, active region, bandstop section and termination. Typically, the feed lines should be optimized for 
accepting input to a 50Ω unbalanced coaxial line. However, more complex feed line geometries could be 
utilized such as the Dyson infinite balun [57] or a non-coaxial transmission line [58]. For mode 1 
operation the ratio of metal to non-metal should approach 10:1 for the feed line region. This feed line 
section needs to be a significant portion of the longest wavelength of operation (1/8 0) to improve the 
match across the operation band. Getting this feed line length inside a circumference of 3/10 0 for 10:1 
bandwidth (modulation dimension to eliminate mode 3 operation) requires a low expansion factor. In the 
active region, the expansion factor needs to be low to reduce the gain ripple. Figure 2.27 shows the 
decrease from 1.5 dB to 0.75 dB in gain ripple as the expansion factor decreases. 
The bandstop region needs to have minimal reflection when it is part of the active region at lower 
operating frequencies. When used as the bandstop section, the rejection should be a perfect open or short 
to prevent further propagation of a traveling wave and undesired radiation of other modes. Even a good 
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rejection leads to increased WoW. WoW and high cross-polarization where the higher order modes occur 
both can have significant power. In addition, WoW is an important parameter for direction finding 
systems accuracy in elevation and its reduction is critical for improving the accuracy thereof. 
 
Figure 2.27: Simulated broadside gain for different expansion factors. MAW spiral is terminated by the 
low-impedance termination (45° low Z0 in Figure 2.26), and its modulation is set at 8. 
 
The selected MAW spiral designs are expected to have a reasonable match to 100Ω when using a 
matching transmission line section at the feed point as described in the previous section. Although the 
coax is 50Ω, the antenna impedance is based on the mode, whereas the coax impedance is the arm 
referenced to ground. Since the MAW spiral is self-complementary beyond the feed point, constant real 
impedance should be obtained. This is shown in Figure 2.28 for expansion factor 2.5 and different 
modulation ratios. The model predicts impedance mostly varying between 100 and 150Ω. Below twice 
the cutoff frequency, the reflection of the termination causes excessive ringing making this design an 
unlikely candidate to miniaturize since it only has constant impedance above 2f0. The impedance ripple 
increases with higher modulation and the period decreases slowly relative to frequency.  
Other methods to improve the match to conventional coax through the feed point are possible but 
not investigated as part of this study. Reactance increases due to the reflection at the end of the 
transmission line. The effects of expansion factor and modulation ratio on dual-polarized performance are 
demonstrated next. These results are obtained by averaging computed performance parameters above 2f0 
to avoid variation in the termination effects for different geometries. Dielectric effects are not considered 
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for design tradeoffs, however, the presented results are still valid for antennas built on thin low-
permittivity substrates.  
 
Figure 2.28:  Simulated results for antenna input resistance (top) and reactance (bottom) variation over 
frequency. Modulation (m) of 8 has a quarter turn matching section, modulations of 2 and 4 have full turn 
transmission line launches.  
 
2.5.5 Current Behavior 
In understanding how the MAW spiral creates dual polarization, several phenomena need to be 
better described. First and most importantly is the significance of coupling between arms and its effect on 
performance of any spiral. While the spiral is feed by a multi-conductor transmission line, the strongest 
coupling term is at the feed point, especially if it is not distributed over a significant portion of a 
wavelength. The dominant coupling arises from the transition from a coaxial (unbalanced) to a multi-
conductor (balanced) transmission line. Matching the impedance at the feed point only provides an 
improvement in match for one mode and its complement, and does little to reduce overall arm coupling 
that is caused by the different modes. The structure has a defined impedance for each mode from 
geometry that requires coupling to excite the transmission line structure [16].  
The most important result of this effect is that for design considerations coupling beyond the feed 
point can usually be neglected. Figure 2.29 shows single arm data with and without feed point coupling 
for the conventional four-arm MAW spiral from Figure 2.24 (c). The feed point coupling was removed 
from the full wave response by taking advantage of a constant phase with frequency that arises from 
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feedpoint coupling since it has no delay and a FI response. If the remaining coupling was from the 
transmission line or spiral, it would show a significant time delay manifested as a rapidly varying phase.  
Figure 2.29 establishes that the single arm performance dominates the overall performance on the 
MAW spiral. It is good to understand what is unique about the single arm pattern of the MAW spiral. In 
particular, knowledge of the single arm performance will tell you which modes are available, thus 
allowing you to determine how best to control them. If a single arm of the MAW spiral is measured, the 
polarization is linear as in Figure 2.30 as shown in the polarization G  and G  where the polarization 
rotates with the arm but since it is broadside must flip polarizations. A conventional spiral, either 
equiangular or Archimedean, will be circularly polarized on each arm because the beamforming of the 
arms only controls pattern not polarization. Because the MAW spiral arm winds in shape of a spiral, the 
single arm beam peak also spirals with the changing resonant circumference of the antenna over 
frequency, as shown in Fig 2.31. The single arm beam does not peak at broadside (except for f < 2f0), 
because the pattern is a combination of all modes that radiate efficiently. Thus the beam peaks at 20° due 
to the M = 2 component. This behavior is consistent with the equiangular single arm spiral for pointing, 
but with a sinuous single arm for polarization. A single arm of a spiral is circularly polarized above cutoff 
and the peak of a sinuous single arm will only wobble within some small range that is a subset of the 
angle swept out by the single arm. By contrast, the MAW spiral combines beam rotation and orthogonal 
polarization between adjacent arms and generates all three lowest modes. 
In Figure 2.30, the components of the single arm are compared to the combined four-arm antenna. 
The Gmaw trace shows the broadside performance of the antenna through a lossless four port beamformer. 
If a single arm is measured with matched polarization, and the power is no longer distributed between the 
four arms, the broadside directivity drops by 3 dB, due to half the power being lost to the power split 
between mode 1 and -1. This loss is not in gain of mode1 because it is isolated from mode -1, but in 
single arm gain, if the arm radiated more modes efficiently the gain would drop even further as without a 
beamformer the single arm has no way to filter the gain by mode.  
If the field of a single arm is separated into polarizations as shown in the G  and G  traces of 
54 
 
Figure 2.30, the polarization on broadside rotates with each turn of the MAW spiral arm. Off axis, the 
structure of the single arm polarization becomes more complicated by M = 2 rotating at a different rate 
than M = 1, causing the matched polarization gain to spread to more than 3 dB at a fixed θ for a single 
arm. This is unlike the single value observed at broadside and is why a beamformer is required to remove 
other modes from the single arm response and enforce symmetry. 
 
  (a)  (b) 
Figure 2.29: Coupling for arms before (a) and after (b) the feed point term is removed. 
 
 
Figure 2.30: Performance of a single arm of a four-arm MAW spiral compared to four-arm performance 
showing the polarization and beamforming constituents on broadside. 
 
The primary conclusion is that for the MAW spiral to work best the transition has to be improved 
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at the feed point. Some improvement in the reverse operation is provided by coupling, because it is 
strongest on adjacent arms and reaches the radiation region in phase with the nominal arm improving the 
overall reflection efficiency significantly. This behavior is seen in the antennas with a modulation of 4, 
which would be only expected to suppress the cross-polarization term 6 dB but provides performance 
closer to 20 dB if the growth is low enough which also improves the phasing on the coupling coherence 
with the radiating arm.  
 
(a)  (b) 
Figure 2.31: Single arm beam peak location, (a) off broadside point, (b) frequency tracking rotation. 
 
2.6 Antenna Performance from Parametric Study 
The quality of dual circularly polarized operation for mode ±1 is first evaluated using broadside 
gain. Ideally, a MAW spiral will have the same gain in both polarizations. As Table 2.6 shows, the 
expansion factor must be low for this limit to be approached, unless a high modulation is used. However, 
a high modulation increases mismatch loss. While the improvement in forward gain for smaller expansion 
factors is less than 0.5 dB (reaching a maximum of 5.5 dBic), the reverse operation gain exceeds 5 dBic if 
the modulation is ≥8 or the expansion factor is less than 1.5 and modulation is greater than 4. The average 
values are obtained as the arithmetic mean of a specific parameter (G, WoW, X) for all computed 
frequency points above 2f0. Data points below 2f0 are excluded to eliminate the effects of imperfect 
termination and thus represent the antenna performance only over its frequency independent bandwidth. 
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Polarization purity is investigated next. In a model, broadside cross-polarization is always 
suppressed unless imposing beamformer imbalances. Thus, the cross-polarization performance 
investigation is off-axis at 30° and 60°. The polarization purity degrades when off-axis angle increases 
and the reverse mode operation is always substantially worse than the forward mode (see Tables 2.7 and 
2.8). Note that the axial ratio and cross-polarization (X in dB) are related as 
120/10
120/10
log20
X
X
dBAR  (9) 
Thus, the average axial ratio at 30° in the reverse mode of operation for a MAW spiral with 
expansion factor and modulation ratio of 1.5 and 4, respectively, is 2.2dB (-18 dB cross-polarization). At 
60°, the axial ratio deteriorates to about 5.7dB (-10 dB cross-polarization). Tables 2.7 and 2.8 show the 
data for typical cross-polarization of the MAW spiral with four arms at 30° and 60°, respectively. 
  Expansion Factor 
 
1.25 1.50 2.00 2.50 3.00 
Gf Gr Gf Gr Gf Gr Gf Gr Gf Gr 
M
o
d
u
la
ti
o
n
 
2 5.5 4.9 5.5 3.7 5.4 1.6 5.4 0.3 5.3 1.2 
4 5.5 5.4 5.5 5.4 5.4 4.7 5.4 4.5 5.2 4.3 
8 5.3 5.3 5.4 5.5 5.3 5.2 5.2 5.0 5.1 5.4 
Table 2.6: Computed average broadside gain (dBic) for different modulation and expansion factors (no 
ohmic losses included). Gf is gain in forward operation and Gr is gain in reverse operation. 
 
  Expansion Factor 
 
1.25 1.50 2.00 2.50 3.00 
Xf Xr Xf Xr Xf Xr Xf Xr Xf Xr 
M
o
d
u
la
ti
o
n
 2 33 12 32 6 31 3 30 1 29 2 
4 31 31 32 18 30 14 30 13 28 10 
8 31 30 30 27 28 22 27 19 26 18 
Table 2.7: Computed average relative cross-polarization at θ = 30°. Xf is cross-polarization in forward 
operation and Xr is cross-polarization in reverse operation. 
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Higher modulation improves the cross-polarization under all conditions, with the reverse 
operation approaching forward for an expansion factor of 1.25. Note that this topology corresponds to 16 
wraps and thus increased internal loss and tighter tolerances. In accomplishing this cross-polarization 
reduction, only slight performance degradation is predicted in forward operation. A slow expansion 
improves the cross-polarization by 5 dB over an expansion of 3. The recommendation is to use low 
expansion factors to achieve similar cross-polarization for both modes.  
 
  Expansion Factor 
 
1.25 1.50 2.00 2.50 3.00 
Xf Xr Xf Xr Xf Xr Xf Xr Xf Xr 
M
o
d
u
la
ti
o
n
 2 20 5 20 -1 19 -4 19 -5 19 -4 
4 19 20 19 10 19 6 19 6 18 3 
8 19 19 19 17 18 14 17 11 17 9 
Table 2.8: Computed average relative cross-polarization at θ = 60° (negative values exceed nominal co-
polarization). Xf is cross-polarization in forward operation and Xr is cross-polarization in reverse 
operation. 
 
Note that for WoW the performance approaches a minimum at 1.5 regardless of modulation and 
even to some degree polarization. Additionally, the WoW increases with angle due to the increased power 
in higher order modes as well as the decreased gain of the mode 1, which is down by almost 8 dB at 60° 
as opposed to 1.5 dB for the 30°. Even without increase in the power in the modes, the WoW would 
increase by for 0.1 to 0.21 dB. Given that mode 5 and -5 will peak around 60° the additional doubling of 
the ripple would be expected. In addition to the higher order modes, the MAW spiral or any planar spiral 
will have increasing WoW based at 60° because the element loses polarization symmetry of the currents 
as it dips further off broadside. This phenomenon also results in increasing cross-polarization because the 
currents are confined to the plane and to achieve circular polarization the θ,  components must still be 
equal like of the θ,  components on broadside. Increasing the number of arms will reduce the higher 
modes, and to some extent the polarization symmetry. 
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Figure 2.32: Computed forward (mode 1) and reverse (mode -1) average WoW at θ = 30° for different 
MAW spiral expansion factors and modulation ratios. 
 
 
Figure 2.33: Computed forward (mode 1) and reverse (mode -1) average WoW at θ = 60° for different 
MAW spiral expansion factors and modulation ratios. 
 
The final parameter investigated is the pattern symmetry expressed as WoW. WoW arises from 
modes radiated by the currents flowing in the same direction as the desired mode. For a four-arm MAW 
spiral this is predominatly mode 5. Figures 2.32 and 2.33 show average WoW at 30° and 60° for various 
design expansion factors and modulations. As seen, WoW converges faster than the cross-polarization 
performance, but still requires a modulation of 4 or better to achieve wide-angle beam symmetry for both 
modes of operation. 
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2.7 Measurements 
A test article having two modifications of a traditional MAW spiral given in the patent [7] was 
fabricated and is shown in Figure 2.34. The modifications were moving the modulation outside the active 
region at the highest desired operational frequency and increasing metal to slot ratio in the center to lower 
nominal antenna impedance. A 13 cm diameter antenna was printed on a 0.5 mm thick Rodgers 6002 
dielectric with permeability of 2.94 and loss tangent of 0.0012 at 10 GHz. Material properties were 
verified using a GDK open cavity dielectrometer, accuracy < 0.05 [59]. An expansion factor of 3 was 
used to allow an accurate etching of the 4:1 bandstop. The termination transmission line sections were 
matched to a full eighth rotation (45° of Figure 2.26), but high impedance of the termination assured a 
null at 2f0. A 2.18 mm (0.086”) coax feed cluster was used to feed the antenna. The chosen geometry does 
not have the best performance among the evaluated antennas, however, it enables radiation of undesired 
modes ±3, ±5, -7 and 9 to a level that the far-field pattern would have significant contamination and 
modeling validation becomes more thorough. 
 
Figure 2.34: Photograph of a fabricated MAW spiral with expansion of 3, modulation of 4 and non-
complementary center region enlarged by 4X. 
 
Measurements are processed within the limits of the phase matching of the coaxial cluster feed. 
Three methods are used to predict the composite pattern from a single arm measurement. The first is to 
measure each arm independently and combine the results with an ideal beamformer. This approach is 
prone to fabrication uncertainty due to phase matching and connectorization. This uncertainty can be 
reduced by inspection of measurements since each arm should match the response of the other arms 
except for a physical rotation of the arm by 90º multiples in . One advantage of this processing method is 
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that the modes are still available that a perfect beamformer would terminate to a load (so that if mode 1 is 
excited, the data will still have any pattern information from  modes in 2,3 and 4).  
The second method uses a single arm measurement and post processes data by rotating a 
particular arm and synthesizing the overall response by summing all properly clocked arm rotations. This 
processing approach results in an N fold symmetric total data set. This method reduces fabrication errors 
since all arms are assumed identical. Any asymmetry or misalignment of the antenna will however 
increase pattern errors from prediction. Determining the misalignment is more difficult from 
measurement because components of patterns due to multiple modes cannot be isolated from alignment. 
Alignment errors also increase adjacent modes due to phasing modulation of the alignment error.  
The last approach uses measured single arm data to calculate the mode spectrum by Fourier 
transform. While this method easily determines the contamination arising from undesired modes, it filters 
the components that cause pattern WoW and axial ratio. Special care must be exercised to pass the modes 
that the ideal beamformer would also pass. When done correctly all methods should provide similar 
results for all modes of operation if the antenna is well built and aligned. 
Measured results for all three methods are shown in Figure 2.35. They are denoted as 
En,E1(rotate), and  E1( )e
M
, for the first, second, and third method, respectively. Off-axis gain at =30º 
was used since the rotation of arms and Fourier transform are equivalent at =0º. There is a strong 
consistency between different measurement processing methods, which implies the errors in antenna 
fabrication and range alignment are small. In addition, the modal contamination is small for the selected 
angle ( =30º) since only a slight performance change was observed between the first and third method.  
Figure 2.36 shows that the WoW is affected as the effective electrical thickness of the dielectric 
increases past /5 which occurs for this specific article at f=10f0. Below this frequency, the difference 
between the method of moments computations using multi-level (MLGF) and free-space (MoM) Green 
functions are relatively small relative to other unknowns (proving our premise of design tradeoffs not 
requiring dielectric). This result implies the parametric evaluations done on the free space design apply if 
the dielectric is kept thin and low-loss. Note that the adverse effects of dielectric loading require the use 
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of thin, low permittivity substrates. The model prediction is consistent with the measured results as shown 
in Figure 2.36 where the pattern of only one measured arm is used. The inclusion of additional arms in the 
final pattern prediction increases the overall variations due to both fabrication and range measurement. 
 
Figure 2.35: Measured gain for the forward (mode 1) and reverse (mode -1) by the ideal beamformer 
methods at =30º, =0º. 
 
 
Figure 2.36: Dielectric loading effects on WoW at θ = 60° using measurements and simulations denoted 
in superscript as “m” and “c”, respectively. Subscripts denote: “n” for all n arms excited, “1” for one arm 
excited, “fs” for free-standing MAW computed using free-space Greens function, and “6002” for Rogers 
dielectric 6002 computed using MLGF.  
 
The degradation in WoW above f=12f0 is expected due to the modification in the feed region. 
Therefore, without a full bandstop, mode 3 is generated by the same beamformer as mode -1. Thus mode 
3 can radiate providing a large WoW at 60° while causing a much smaller increase at 30° since mode 3 
peaks at 45° while mode -1 rolls off at least 5 dB at 60°. Note that modes ±2 are rejected by the 
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beamformer. 
As shown in Figure 2.37, the full-wave model predicts negligible WoW for the forward operation 
below 7f0 while the measurements show a highly varying WoW with the average value about 0.25dB 
higher than simulations (the additional WoW would correspond to -31 dB for chamber reflections). It is 
likely that the chamber multipath is the cause for this discrepancy, but otherwise the correlation is 
excellent. Results are similar at larger angles as shown in Figure 2.38.  
 
Figure 2.37: Forward (M=+1) and reverse (M=-1) WoW at θ = 30° obtained using modeling (MLGF), 
and single arm measurements. 
 
 
Figure 2.38: Forward (M=+1) and reverse (M=-1) WoW at 60° obtained using modeling (MLGF), and 
single arm measurements. 
The cross-polarization predictions in Figure 2.39 also track the measurements well. Obviously, an 
optimized design would reduce the observed high axial ratio by using higher modulation and slower 
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expansion. The degradation in performance of the gain, WoW and cross-polarization at 2.25f0 is due to 
the MAW spiral termination. The antenna has an imperfect reflection when it cannot radiate efficiently 
and the reflection causes the observed high cross-polarization. With lower expansion factors the reflection 
decreases due to improved radiation efficiency.  
 
Figure 2.39: Cross-polarization for reverse mode at θ = 30° and 60° obtained using modeling (MLGF) 
and single arm measurements. 
 
However, a significant narrow band resonance can still occur if parameters are not carefully 
tuned. Similarly, as with log-periodic antennas, gain dropouts occur particularly where the termination 
(finite size) effects interfere with the active region. Computed and measured S-parameters for a 50Ω 
reference are shown in Figure 2.40. Due to the symmetry of antenna feed S21=S41 and only S21 is 
displayed. Good agreement between measurements and both computational models insure that the 
presented modal impedances have been computed correctly.  
2.8 Conclusions 
This chapter investigated dual polarized operation of a MAW spiral as a function of expansion 
rate, modulation ratio, feed and bandstop regions with some evaluation of alternate geometries. The 
MAW spirals under these conditions show good pattern purity for expansion factors less than 1.5 and 
modulation greater than 4. Other parameters including heavier dielectric loading, beamformer design and 
its imperfections, and cavity-backing have been considered but not detailed. Three different ideal 
beamformer composite measurements are devised for studying the antenna element. Good agreement with 
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full-wave predictions validates the presented results and conclusions. The performance of four-arm MAW 
spirals and several approaches for performance enhancement are studied and demonstrated. It is shown 
that the Archimedean MAW spiral exhibits improved far-field purity and more consistent patterns and 
impedances than the most commonly used equiangular MAW spiral. Deviation from the self-
complementary principles by progressively increasing the width of the metal low-impedance sections 
(than at the same rate reducing the width of the high-impedance sections) can also enhance the far-field 
characteristics. It is shown that printing the MAW spiral arms on both sides of the substrate can improve 
the antenna performance in some areas. The importance of various parameters, including the separation 
layer thickness and modulation ratio is demonstrated and directions for the future research are denoted.  
 
Figure 2.40: Predicted and measured S-parameters using HFSS [44]. 
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CHAPTER 3 
 
 
ANGLE OF ARRIVAL IN FOUR-ARM SPIRALS 
Robust sensing of unknown signals typically requires the capability to detect orthogonal 
polarizations over wide bandwidths by a sensor occupying a small physical area. FI antennas discussed in 
this chapter have greater than 3 to 1 bandwidth, thus eliminating geometries using conventional 
TE10waveguide horns, patches and similar relatively narrowband antennas. Ideally, the sensor should also 
provide capabilities such as estimating the angle of arrival (AoA) of an RF signal. Two techniques are 
commonly used in AoA, specifically, interferometry also known as time delay [60] and amplitude 
comparison [61]. In interferometer applications, the difference mode although not required is often 
desired to eliminate ambiguities due to interferometer processing [60]. The most commonly used 
conformal FI sensors are spirals and sinuous antennas with four-arm spirals dominating the AoA 
applications [61]. Note that two arm spirals can provide wideband AoA only in an interferometer 
configuration. The same is true for four-arm sinuous, however, a dual-polarization operation is an added 
capability. The four-arm spiral configuration enables the use of two modes that allow direct detection of 
AoA by forming a phasor voltage ratio between the modes. The resultant phase of the ratio provides the 
azimuth angle and the amplitude ratio provides the elevation angle (for the coordinate system shown in 
Figure 1.1). Polarization can be obtained similarly by ratio of the two polarization ports with phase 
providing tilt angle and amplitude providing axial ratio. The most efficient way to get both of these 
capabilities in one antenna will be to combine the beamformer of a four-arm spiral with a dual polarized 
element. When this approach is applied to a sinuous element, the resulting antenna has no dominant 
difference mode polarization, as will be shown later. Likewise, the spiral element filters out the opposite 
polarization, so it provides only location and not polarization of the emitter. While AoA historically has 
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been important for navigation in the detection of beacons, now the ubiquitous GPS system helps in most 
aerial direction finding. In a military situation the emitter will often not provide his coordinates and 
identification, therefore the information must be extracted by the radio emission to reduce the opportunity 
of surprise encounters. 
In this chapter, we demonstrate that the four-arm MAW spiral can enable simultaneous detection 
of polarization like a sinuous antenna does, and the determination of direction like a four-arm spiral does. 
Thus, the MAW spiral antenna can support wide angle surveillance, active seeking of emitters, and 
provide a very small footprint both inside and on the surface of the platform replacing many detectors 
with possibly just one. The differential mode capability is different from interferometer applications of an 
antenna where a long baseline is required to achieve accuracy using time delay between omni-directional 
antennas.  
Purity of the polarization performance for the MAW spiral sum mode has already been described 
in earlier work supported by measurements to a high level of accuracy [51]. A MAW is a specialized 
geometry subset of a generic spiral (normally equiangular) that allows the spiral to provide two 
orthogonal polarizations by the use of bandstops. Normally, difference mode is not used in a four-arm 
MAW spiral or sinuous antenna, but four-arm spirals routinely are used for AoA or direction finding [62]. 
Our investigations show that the MAW spiral will support difference mode operation with a dominant 
polarization determined by the wrap of the element. Therefore, in this paper we demonstrate how to 
achieve the difference mode (also known as mode 2) used for AoA as well as dual polarization operation 
out of a single four-arm antenna, thus utilizing three of the possible four excitations of the antenna 
element. This is an important finding which allows use of much simpler beamformers thus smaller cost, 
weight, and reduced size of the electronic support front-end, increased system bandwidth, sensitivity and 
dynamic range, etc.  
3.1 MAW Spiral Capability 
Since its inception, sinuous antenna has been a leading candidate for multi-octave, single planar 
aperture, dual-polarized radar warning and signal intelligence applications. While MAW spiral can 
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achieve similar performance, its potential for wider acceptance was tempered by the complex shape, 
decreasing tolerances, difficult design for good performance, and frequency spinning dual-linear 
polarization (when excited in this mode). A different delay and dispersion for each polarization of a 
MAW is another difficulty that needs to be addressed. However, a four-arm MAW spiral is still a spiral 
and thus it should provide a good single polarization difference pattern. Thus, in spite of the fact that open 
literature does not discuss this mode of operation the MAW spiral could have capability not available in 
four-arm sinuous antennas. A major concern is that the circumferential location for the difference mode is 
the same as the bandstop, which can degrade the polarization purity of mode 2. In addition, the difference 
mode would have the same phasing for both polarizations at the feed, so polarization is only separable 
into right and left for a spiral geometry that forces the cross-polarization to propagate outward. With the 
MAW, the outward propagating mode will almost immediately reflect off the bandstop and return to the 
feed point with the same delay as the inward propagating mode. Since MAW antennas are not normally 
terminated to maximize bandwidth, the polarization purity is degraded and currents that propagate to the 
end of the spiral will be reflected back to the feed point even further contaminating pattern performance. 
As the previous chapter has demonstrated, it is difficult to accomplish the same polarization purity and 
loss with a MAW spiral because the element rejection of polarization is limited by the bandstop efficiency 
since the cross-polarization is generated before passing through the radiation region to the beamformer. 
For a sinuous antenna most of the cross-polarization is a result of the beamformer, unfortunately for a 
four-arm geometry the difference mode provides the same phasing regardless of desired polarization 
meaning the element provides whatever polarization control is possible for the antenna. 
The results presented here will show that the MAW spiral behaves like a slightly degraded 
conventional spiral in the difference mode. Also, the geometry is an efficient radiator and provides a 
clearly dominant polarization based on the element wrap rather than feed point phasing enforcement alone 
like a sinuous antenna would. This wrap results in a MAW spiral with three useful modes. A single 
aperture AoA may be enabled by utilizing the two calibration surfaces to improve instantaneous beam 
split over the conventional two port, single polarization design with no knowledge of the emitter 
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polarization. This approach however requires frequency detection to allow the resulting surface search 
with polarization compensation. Note that the sinuous antenna has a difference mode, however the 
polarization is not filtered by the geometry leading to a frequency dependent polarization flipping 
between left and right or vertical and horizontal. The polarization rotation results in the sinuous having no 
single valued AoA solution at a single frequency.  
The third mode on a four-arm equiangular or Archimedean spiral is a difference mode peaking at 
a wider angle in elevation ( ) and having an extra cycle of phase in azimuth ( ). The additional mode can 
increase angular sensitivity of a spiral, but will not help polarization blindness or provide emitter 
polarization information. Polarization detection requires the antenna to detect almost orthogonal 
polarization on separate ports at a known angle, since the phase between the two polarizations changes 
based on the direction of arrival due to polarization. The third mode is also only useful above 3f0 (f0 is the 
cut-off frequency of the lowest mode of the spiral). Based on the behavior described, the MAW spiral is a 
good compromise between complexity, beam types and polarization when placed in a proper perspective 
to the sinuous and the AoA spiral. The MAW will require more calibration than the other geometries, 
because of its frequency dispersive property and higher pattern ripple. 
For a conventional AoA spiral the delay between the sum and difference can be optimized to 
allow nearly constant phase delay between the modes independent of frequency over a bandwidth of up to 
3:1. Note that for a MAW, it is necessary to have good knowledge of the antenna patterns for improved 
sensor performance and to increase knowledge of the emitter. Without any detailed investigation into the 
effects of polarization, if frequency is known the beam split (direction resolution) statistic should improve 
by a factor of three in azimuth due to the phase between the two sum modes being three cycles instead of 
one cycle between the sum and difference modes. Meanwhile any ambiguity is resolved by the ratio of 
sum to difference in the same polarization which is typically single valued over the field of view (FOV). 
Improvement in elevation resolution will be small since the two sum modes have similar patterns in 
elevation. When using the MAW for AoA without frequency detection, however, the obvious ambiguities 
of phase due to polarization and frequency must be addressed. 
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This chapter studies a dual-polarized four-arm MAW spiral antenna with difference mode 
capability. Use of the difference mode with four-arm spirals been extensively investigated and its 
applications to AoA are well established in [6365]. This work demonstrated that the conventional four-
arm spirals provide a consistent difference mode especially when frequency calibration is applied to the 
pattern. It is also shown that this feature is not available in the most commonly used dual polarization 
sensitive antenna, a four-arm sinuous antenna.  
Dual polarized AoA can be achieved over approximately a 2.5:1 bandwidth using the inside and 
outside fed four-arm spiral [66]. Bandwidth can be increased by adding additional arms to the spiral. 
However, in addition to the limited bandwidth, especially in the mode 1 outside case, two separate 
beamformers are needed, one for each side of the antenna. To achieve FI-like performance over a much 
wider bandwidth, both polarizations must be obtained by a center fed antenna due to the inability to 
control modes above 4 when the antenna is fed from the outside. A common embodiment addressing this 
issue is a sinuous antenna. The four-arm sinuous antenna is usually feed by two Marchand baluns one for 
each pair of opposite arms. Circular polarization is then created by beamforming the two orthogonal 
linear polarizations through a 90° hybrid [67]. The component is also produced without the hybrid 
providing dual orthogonal linear but frequency oscillating polarization. However, the sinuous antenna can 
only control two modes (1, -1) by this method. The results presented herein show that when adjacent arms 
are fed 180° out of phase for the four-arm sinuous, the pattern is not distinguishable as either mode 2 or -
2, although the broadside null is well defined because neither mode has power at broadside. Thus, the 
element itself has no polarization preference, and its usefulness for AOA is questionable at best.  
For an ideal AoA sensor, a simple transform between the measured voltage of an antenna and the 
direction of the signal can be written mathematically with a monotonic function in two variables for 
direction, independent of polarization and frequency. Note that in this chapter, the antenna is placed in the 
XY plane with broadside radiation pointing to the positive Z. In a conventional monopulse system, the 
azimuth response corresponds to the phase difference between the sum and difference channels. The 
amplitude of the ratio for the same two channels corresponds to the elevation, removing the need for 
70 
 
knowledge of the emitter power. This relationship can be applied to numerous multi-port antenna designs. 
In particular, a four or greater arm spiral provides access to the desired sum and difference modes because 
only one mode will provide a sum pattern of the available excitation modes, all other symmetric modes 
adding to zero in the polarization imposed by the spiral wrap on broadside. Unfortunately, the arc length 
of a spiral to the radiation region for the sum and difference modes is not constant over frequency. While 
an algorithm for a spiral with constant delay to achieve this response has been described, it is physically 
unrealizable over bandwidths exceeding 2:1 because the length of the spiral must remain constant 
between the circumference of λ and 2λ where λ is the wavelength of the signal [63]. Although an 
exponential spiral has the same number of wraps for each size doubling, the arc length increases 
exponentially and to have a constant arc length in wavelengths the rate of growth must increase rapidly as 
the spiral increases in diameter to keep the electrical delay constant. This approach is first, not an 
equiangular spiral and more importantly, not physically realizable in a frequency independent antenna 
because the number of wraps increases as the spiral diameter decreases to keep the delay constant.  
However, if the assumption is that the detector for the spiral will have limited bands to improve 
sensor sensitivity, an expansion factor of 1.5 for a spiral can be matched over approximately 2:1 
bandwidth without modifying the growth rate. Since the arc length grows exponentially, the lower the 
growth the less phase error across the bandwidth if compensated by a linear delay line. Under these 
circumstances, each detector can introduce an appropriate offset between the sum and difference mode to 
ensure an approximately constant azimuth response. While the concern can be eliminated if the emitter‟s 
frequency is known, the frequency detection is a more complex activity than just ratio of voltages. The 
layouts of the three evaluated geometries, specifically MAW spiral, sinuous and conventional spiral 
antennas are shown in Figure 2.1. All performance results are shown as a composite plot of 72 angles in 
azimuth (5° separation) at a fixed elevation angle thus allowing qualitative assessment of antenna‟s solid 
angle pattern (symmetry, cross-polarization, etc.). 
To evaluate the performance of these three antennas as truly FI, the scan angle is fixed to a 
constant and the pattern stability in  is examined. The angle chosen for the Figs. 3.1-3 is 30° because for 
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AOA to be useful the pattern must be stable over a reasonable solid angle. In addition, to ensure that the 
response is unique over this solid angle, it is desirable that the average difference pattern response in θ be 
monotonic to prevent ambiguities. Because 38° is the approximate peak of M = 2, the chosen angle of 30° 
should be nearly ideal to evaluate the pattern properties for possible AoA use inside the range if the ratio 
is single valued. The primary polarization is right hand circular based on the spiral wrap. Mirror images 
of the three elements would flip the dominant polarizations, but otherwise the results would be the same. 
All three geometries do excellent jobs of providing an omni-directional pattern in sum mode 
operation as shown in Figure 3.1. A co polarized right-hand circularly polarized (RCP) gain at 30° for all 
three geometries is shown in Figure 3.1(a). As seen, the gain of these antennas is very stable and similar 
over almost a decade bandwidth. As expected, the conventional spiral has the smoothest gain variation as 
the outward propagating current faces no reflections from bandstops (MAW) or turns/bends (sinuous). 
Respective cross-polarized gain for these antennas is shown in Figure 3.1 (b). The cross-polarization 
rejection of at least 25 dB is observed for all antennas indicating a wide-beam, polarization pure mode 1 
in the far-field.  
 
(a) (b) 
Figure 3.1: Gain of antennas in (a) RCP sum mode at θ = 30°, (b) x-pol of sum mode operation. 
 
Difference (mode 2) RCP gains for the antennas from Figure 2.1 are shown in Figure 3.2. As 
seen, the sinuous antenna has a linearly polarized difference mode (since the response is the same for both 
right and left circular except for the cycle start). Moreover, the polarization of a sinuous antenna is 
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unstable limiting severely its usability as AoA sensor. On the other hand, conventional smooth spiral has 
a polarization pure and stable pattern, while MAW spiral has clear handiness of its pattern with cross-
polarization of -10dB or better. The tight spread of the gain curves indicates good pattern symmetry of the 
antenna. 
 
(a) (b) 
Figure 3.2: Off axis θ = 30° (a) co-pol of difference mode, (b) x-pol of difference mode. 
 
The gains for LCP sum mode, reverse of the spiral wrapping sense, 30° off axis for the three 
studied geometries are shown in Figure 3.3 ( b).  As seen, the conventional smooth spiral has extremely 
limited dual polarization sum mode operation over less than 2:1 bandwidth. Above about 2.5f0 the spiral 
starts to radiate RCP mode 3 efficiently. On the other hand, the MAW spiral and sinuous both have good 
mode -1 gains. The LCP gain for the smooth spiral and RCP gains for the MAW and sinuous are shown 
in Figure 3.3. As seen, the conventional spiral response above 3 f0 occurs in the undesired polarization for 
determining emitter polarization. In addition, the cross-polarization of the MAW spiral is not as good as 
that of a sinuous, however, the level of 15dB or better is sufficient for the above-mentioned purpose.  
The spiral only provides dual polarization below 2.5f0 as shown in Figure 3.3. Above 2.5f0, the 
polarization for M = -1 is the same as M = 1, meaning the spiral is operating in M = 3. While the sinuous 
will typically outperform the MAW spiral in reverse mode polarization purity, as shown in Figure 3.3, the 
amount of difference is controlled by the expansion and modulation rates. Polarization for the MAW will 
be similar to this sinuous if EXP = 1.25 and m = 8, although maintaining some of the MAW features 
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would be difficult with the required 1000:1 ratio on the smallest details to overall size. 
 
 (a) (b) 
Figure 3.3: Off axis θ = 30° (a) co-pol of reverse sum mode, (b) x-pol reverse sum mode.  
 
The polarization of the MAW spiral in the difference mode is sensitive to the modulation 
parameters. However, in order to reduce significantly the cross-polarization response, the modulation 
needs also to be reduced to the point that the reverse polarization mode response is highly degraded. As 
seen from the above figures, the only geometry that enables polarizations tracking between the sum and 
difference patterns, and polarization diversity is the MAW. A simple beamformer constructed of one 90° 
and three 180° hybrids is needed to obtain all three modes of operation. Note that the traditional 
implementation calls for at least 5 arms (8-arms is typical) which also requires a significantly more 
complex beamformer. The hybrids are available as commercial off the shelf (COTS) devices or can be 
readily designed for performance optimization in most parts of the microwave band.  
3.2 Place for MAW Spiral in the FI Antenna Family 
The commercially available antennas that would be considered alternate solutions for the 
application discussed herein using the MAW spiral, are the sinuous and equiangular spiral, each of which 
has their own limitations, especially when restricted to four-arm geometry. The fourth planar conformal 
geometry, i.e. the log periodic, will not be discussed as it will not introduce any benefits when compared 
to the sinuous. All considered antennas belong to the class of frequency independent antennas.  
Modulation to the base spiral is done by adding and subtracting the angular offset at the 
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appropriate period (90° for a four-arm spiral) to ensure the periodic geometry is self-complementary. By 
making the arm modulation a function of , the antenna is kept FI because its structure is not described by 
any length criteria. The amount of modulation of the angle is referenced to a maximum range of ±22.5  
for a four-arm spiral. Each arm of the four arms  has two sides and the total cannot exceed 90° for a 
possible variation of up to 45° for each curve. Thus for a modulation ratio of 8, the edge of a spiral arm 
switches using the modulation function by 0 = ±17.5  offset from the nominal curve. The geometry 
created leads or lags the parent curve, leading to a 10° gap where the impedance is low and an 80° gap 
where the impedance section is high. Transitions from high to low impedance sections are step functions 
in , though the transition could be implemented using different mathematical functions as in patents [22, 
23], however it has yet to be proved that any work better than the step impedance. The requirement to 
keep the spiral self-complementary will have adjacent arms synchronize at a period of 360°/Narms or  = 
90  for the four arm case. When this period is chosen, consistent frequency independent impedance is 
ensured by symmetry. However, if the period is changed to either less than or greater than  = 90  for a 
four-arm spiral, the self-complementary behavior disappears. The self-complementary relationship will 
return at periods of 2, 6 and 8 due to the structure periodicity. Note the basic spiral is generated when the 
modulation function is unity. The sinuous is obviously not from the same topology because f( ) is not 
continuous through a full rotation of . The MAW spiral antenna is based on this clear geometric 
similarity to a conventional spiral, and has no apparent reason to not provide an existent, stable M = 2. 
Until now, this behavior must not have been completely clear, as it has not been mentioned previously as 
a useful mode of operation. 
Figs. 3.4-6 show the front hemisphere response of the elements in Figure 1.1, starting with the 
MAW spiral in Figure 3.4. As predicted, the model shows a well-behaved M = 2 in the center plot. Figure 
3.6 shows that the spiral has a very consistent pattern, but only one polarization for FI operation. As 
expected, the sinuous has a slant linear response, as shown in Fig 3.5 (b), where RCP and LCP match. 
The four-arm sinuous antenna has a dual polarized radiating element with no dispersion between the two 
polarizations of operation, but has an oscillating polarization tilt angle and no useable difference mode. 
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This means for a sinuous to perform AOA, it either needs one of two implementations. One is to array the 
four-arm sinuous and use interferometry techniques to separate the phase delay between the multiple 
antennas. This solution is more complicated than the simple voltage ratio proposed for the MAW and 
prone to ambiguities if the wavelengths become smaller than the element spacing divided by the sine of 
the angle off broadside. An alternate solution increases the total arm number to at least six, which also 
increases weight, relative loss and complexity of the Butler matrix feeding the element, while also 
increasing the arm interaction and the impedance variation caused by the arm coupling. 
 
  ( a ) M = 1 ( b ) M = 2 ( c ) M = 3 or -1 
Figure 3.4: Patterns at 10 f0 of a four-arm MAW spiral. 
 
 
 ( a ) M = 1 ( b ) M = 2 ( c ) M = 3 or -1 
Figure 3.5: Patterns at 10 f0 of a four-arm sinuous. 
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While the equiangular spiral and the MAW spiral produce similar difference patterns, the spiral 
has no way to sense polarization. The addition of a second antenna with the opposite arm wrap to produce 
the second polarization is required. While the basic accuracy of this design would be better than a MAW 
spiral due to polarization purity, extracting the polarization between the two antennas would require 
removal of the interferometer phase. In addition, processing an additional reference channel to ensure the 
same signal is processed on both antennas may be needed.  
 
 ( a ) M = 1 ( b ) M = 2 ( c ) M = 3 or -1 
Figure 3.6: Patterns at 10 f0 of a four-arm spiral. 
 
Among conformal FI antennas, the MAW provides the simplest solution for instantaneously 
measuring both polarization and AOA. As with most solutions, the antennas each have their advantages, 
but the alternates provide a more complex solution for complete polarimetry than the MAW spiral.  
The MAW compliments the other two antennas for use based on its ability to provide both useful 
capabilities (AOA and polarization), although it is not as proficient as either the sinuous or the 
equiangular spiral in supporting their individual capability. For AOA, both the MAW and the equiangular 
spiral have the same dispersion, which requires frequency compensation. For polarization detection, while 
the sinuous is not dispersive between its two polarizations it is still dispersive across frequency, resulting 
in signal distortions that may exceed the MAW‟s in some applications. 
The interesting aspect of combining polarization and direction sensing is the completeness of the 
useable modes for the four-arm FI antenna. Mode 0 (equivalently 4) is excluded from radiating due to no 
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potential between the transmission lines that form the feed. The remaining modes are used to extract field 
information on a received signal, usually by making an analog equivalent of a FFT. The field is 
completely defined by power, polarization and direction. It would be ideal to have an antenna that can 
sample as many properties of the field as it has ports. With the fully implemented four-arm MAW, the 
resulting phasor signals, once frequency is known, provide a unique response for any incident field from 
just three measurements. The only ambiguity is when the polarization is cross-polarized to the difference 
mode. The three modes used would be M = -1, 1, and 2 (same except for wrapping in either direction). 
One obvious problem with the mode 2 operation was that the control of polarization was insensitive 
as shown in Figure 3.7 (b) for the parameters of expansion factor and modulation ratio. The cross-
polarization of mode 1 in Figure 3.7 (a) can easily be controlled by these same parameters over at least a 
15 dB range to allow the designer to select loss versus pattern symmetry. In Figure 3.7 (b) using the same 
geometric method to control polarization yields only 2 dB of variation. Thus, it would be good to develop 
an alternate method to control polarization of mode 2.  
3.3 Mode 2 Cross-Polarization 
The contamination of the cross-polarization of the mode 2 operation due to the reflection of the 
currents off the bandstop is depicted in Figures 3.8 (a) and (b). Interestingly, the delay between the cross-
pol and co-pol mode is negligible, which is the result of having the radiation region collocated with the 
resonant length of the band stop. If the polarizations were dispersive due to their different modes like 
modes 1/-1, then gating could be used to improve the polarization, unfortunately that is not the case for 
mode 2 operation. For the dual polarization operation of the four-arm MAW the dispersion between the 
two sum modes is large due to the different path lengths between the feed and active region. High 
modulation ratio and low growth rate will assure that the sum modes have circular polarization with a 
good beamformer.  
3.4 Beamformer Requirements for Four-arm Geometry 
If the four-arm device is being excited by use of a beamformer, the complete component 
configuration is shown in Figure 3.9. This beamformer is a fully populated Butler Matrix, 
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equivalent to a four point Fast Fourier transform. This type of beamformer is required to generate 
both sum and difference modes. For the simpler requirement of only mode -1 and 1, the third 
180  hybrid can be eliminated (in the top right corner of Figure 3.9). Another simplification, 
usually done when the difference mode is not required, is to replace the first and second 180  
hybrids with Marchand baluns to convert the coaxial line to a balanced feed line. This approach 
will reduce loss and cost for a mode that is not being utilized. This beamformer can be used to 
feed either a sinuous or a MAW spiral for dual polarization applications. The results in the 
following section show additional statistics on the three FI antennas if full Butler matrices are 
used with four-arm geometries. 
 
(a)  (b) 
Figure 3.7: Comparison of mode -1 ( a ) and mode  2 (b) cross-polarizations for three MAW spiral 
geometries at θ = 30°. 
 
The requirement for a difference mode, as encountered in AOA spirals, repopulates the BFN from 
the sinuous antenna case, which results in increased loss over the single hybrid implementation. 
Obviously, the modal purity of the beamformer will contribute to the overall performance of a physically 
realized antenna. This behavior can be expressed analytically as cross-modal contamination of the three 
radiating modes, given the single arm response. The final, all in-phase, mode is treated as additional loss 
since the element cannot radiate mode 0 or 4 efficiently. 
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  (a) (b) 
Figure 3.8: Mode 2 at 14 f0 (a) phase progression and, (b) gain of each polarization. 
 
Figure 3.9: Butler matrix beamformer for a four-arm spiral, MAW spiral and sinuous antenna. 
We claim that the MAW spiral provides the best functionality for a four port Butler geometry 
utilizing three of the four available modes. Below, the performance of the other more commonly used FI 
antennas are compared to the MAW spiral. The performances demonstrate the expectations of a typical 
design for each FI geometry. 
3.4.1 Orthogonal Behavior of Modes 
A MAW spiral is characterized by the different delay for the two polarizations. In addition, the 
delay is dispersive; as the frequency decreases the delay increases. This prevents the use of a simple delay 
line for improving the tracking between the two modes over frequency. Note that the true monopulse 
operation is desired, because it removes the need for accurate frequency detection as part of the initial 
electronics. This is of course more complex than the use of a reference signal from one port of the antenna 
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to measure relative phase and amplitude relationships.  
Unfortunately, having a completely analytic function used to map the response between AoA and 
the antenna coordinate system is not possible, although over a limited FOV this result can be approached 
since the response linearizes locally. In the particular case of the monopulse MAW, due to mode 5 and 6 
or ±3 and -2 in the opposite polarization contamination, especially at wide angles, the function has at least 
a low order modulation with a 4-fold symmetry caused by poor suppression of these additional modes 
that cannot be eliminated by a four port beamformer. This contamination causes WoW. Because WoW is 
an easy to understand but non-standard antenna parameter, WoW is subscripted here by the emitter 
matched polarization variation of the antenna pattern at constant  in  rotation, which more directly 
described the response of the sensor. The larger is the WoW the lesser is the accuracy of a classic 
monopulse. The poor pattern purity as opposed to polarization purity corresponds to an uncertainty in the 
readout of the elevation angle. The WoW at 30° for the three studied geometries is shown in Figure 3.10. 
As seen, the MAW spiral has performance similar to the conventional smooth spiral, which is the best one 
can achieve for circular symmetry. Even in the polarization that would be matched to the sum port, the 
largest variation in mode 2 is for the sinuous antenna, although it is small. However, it is unlikely that the 
emitter is transmitting matched polarization. Therefore, the same statistic was then evaluated across the 
three antennas for a linear polarization;  in this case the polarization was θ oriented, but the result would 
be similar for any linear polarization due to the nature of the patterns of all three antennas. 
The effective pattern variation for a typical linearly polarized emitter is shown in Figure 3.11. As 
seen, for the same metric with the ratio of the sum and difference modes, the conventional smooth spiral 
performs the best because the polarization is almost identical for the sum and difference patterns. The 
small degradation in the spiral WoW below 4f0 is expected due to the reflections from the arm 
termination of the spiral causing ripple in the linear polarization (in this case an open termination). It is 
important to note that the actually fabricated spiral will have degraded response due to fabrication 
tolerances in the feed and beamformer [67]. The MAW spiral WoW performance is consistent with the 
observed 14 dB cross-polarization in Figure 3.2. 
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Figure 3.10: WoWrcp of mode 2 at θ = 30°for RCP (co-polarized). 
 
Figure 3.11: WoWθ for θ linear polarization in mode 2 at θ = 30°. 
 
Finally, the WoW of the four-arm sinuous antenna is very high, clearly showing its uselessness 
for analog AoA due to the inconsistent ratio of the sum port which will have almost no variation due to 
WoW and the difference mode which can have any value depending on the  direction of the field. 
Considering this is the metric that would be used to estimate position in θ, it would be difficult to get a 
useable response even with a frequency table of the pattern because the positional solution would be fairly 
unstable. Even the 4 dB WoW of the MAW spiral would represent a much larger beamsplit than the 
spiral, although the increase in WoW for a fabricated MAW should be much smaller than that of the 
spiral due to already having the pattern limitations. This performance limitation did cause us to examine 
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methods to better control the MAW spiral polarization because the element was providing some filtering 
capability. 
3.4.2 Parallelism of Modes 
To excite the modes examined above a beamformer was needed, and the best way to inspect the 
idealness of the beamformer is to determine the contribution of each of the antenna ports to the output 
modal port of the device. By using standard S-parameter measurement techniques and the modal 
summation equivalent to an FFT with a factor for power conservation, the result in Figure 3.12 was 
obtained on the beamformer pictured in Figure 3.13, which also shows the antenna tested. 
 
   M0 M1 M2 M3 
Figure 3.12: Measurement results for beamformer constructed from commercial hybrids shown in Figure 
3.13. 
 
Although the quadrature hybrid has a bandwidth limitation evidenced by these results, the modal 
isolation was still 10 dB at 20 times the nominal frequency, the chief source of performance degradation 
being the internal loss of the device, which can be compensated as appropriate for the comparison to the 
model predictions. Interestingly, because the beamformer match was dominated by the same internal 
reflection on all four ports, the power reflected back to either the antenna or the input was very small, 
typically less than -35 dB in any of the operational modes. The in-phase mode did show a significant 
reflection varying somewhat with the received mode between -20 and -6 dB of the received power. This 
mode is of no significance to the antenna because it also rejects most of the mode 0 power. Even though 
0 10 20
-30
-25
-20
-15
-10
-5
0
f/f
0
 
 
0 10 20
-30
-25
-20
-15
-10
-5
0
f/f
0
M
o
d
a
l 
R
e
la
ti
v
e
 P
o
w
e
r 
(d
B
)
0 10 20
-30
-25
-20
-15
-10
-5
0
f/f
0
0 10 20
-30
-25
-20
-15
-10
-5
0
f/f
0
M0
M1
M2
M3
83 
 
the beamformer is not matched to the antenna impedance this result shows that the power is not reflected 
from anywhere internal to the beamformer back into the antenna making the 50Ω port used in the model 
consistent with the measured response of the antenna. Response from the inputs of the beamformer was 
not shown. There is also no requirement for phase matching on the device inputs, and the modal isolation 
is established by Figure 3.14 as being extremely high except for mode 0. 
 
 (a)  (b) 
Figure 3.13: Picture of the (a) assembled beamformer from COTS hybrids and (b) AoA self-
complementary MAW spiral with 4:1 modulation and expansion factor of 1.5. 
 
 
   M0 M1 M2 M3 
Figure 3.14: Power reflected into antenna from beamformer. 
 
The delay between the sum and difference modes is shown in Figure 3.15 after being 
compensated by a constant delay and for  of the position for a measurement 30° off broadside. The 
majority of the delay was removed with a simple delay line, as it would be in an AoA system. The 
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remaining delay is due to the exponential growth of the spiral (MAW or equiangular). If the sensor is 
sectioned into smaller bands the response will become more linear with frequency. If one inspects the 
area between 6 and 10 f0 the systematic error is less than 50°. The multiple traces are the residual error of 
each antenna to a linearly polarized signal. For co-polarized case, the vertical spread is greatly reduced on 
the MAW spiral, which is the AoA error of the sensor without polarization compensation. If the 
frequency is known, the vertical spread at a single frequency is the total AoA error for a linear polarized 
signal for each antenna. Without polarization compensation to help eliminate mode-2 contamination the 
error of the MAW spiral is much larger than the equiangular spiral. 
The statistics of the theoretical AoA operation for two spiral antennas, linear polarization, and use 
of a delay line of 0.4λ0 is shown in Figure 3.15. Due to the high number of cycles in the surface of phase 
for any of the three modes relative to the others there is no unambiguous value for a signal of arbitrary 
frequency and polarization. While the operation of the four-arm MAW spiral in the sum mode for both 
polarizations is documented, the mode 2 performance is not documented. Mode 2 performance provided 
an acceptable difference pattern, which is not as circularly polarized as that of modes 1 and -1. However, 
it is highly unlikely that the MAW spiral even with one polarization in difference pattern is blind to the 
main beam of an emitter since few emitters will be truly cross polarized to the weak circular polarization 
of the MAW spiral difference mode, unlike an equiangular spiral for which all polarizations are the same. 
 
Figure 3.15: Raw AoA accuracy with delay line added on mode 1 to better track mode 2, length optimized 
for 8 f0 showing the degradation in AoA performance of a MAW spiral to a conventional spiral with no 
calibration technique utilized. 
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To evaluate the MAW‟s performance for AoA, first we can evaluate the conventional M2/M1 
relationship. Ideally, both modes would have the same polarization, but that is not the case when a four-
arm MAW is used (as shown in Figure 3.15). Unfortunately, to extract sufficient phase information to 
provide a tilt angle of the emitter without frequency knowledge, the resolution is limited by twice the 
AoA resolution because the phase between mode 1 and -1 rotates at twice the rate of the AoA, decreasing 
the useable bandwidth or polarization accuracy. The four-arm sinuous will do a much better job of 
detection of tilt angle because the two sum modes are non-dispersive over frequency although still having 
an ambiguity due to the two cycles of phase when the ratio is measured in  unless AoA is provided. The 
two antennas will have equivalent performance in determining axial ratio of the emitter since no phase 
measurement is required. The axial ratio can be computed using Equation (10) 
2
1
2
1
2
1
2
1
mm
mm
VV
VV
AR   (10) 
where the Vm±1‟s are the responses of each sum mode. If on the other hand the frequency is known, then 
the polarization can quickly be determined using the Equations (11) and (12) once AoA determines the 
hemisphere of the emitter eliminating phase ambiguity. The determination of  (the phase difference 
between the two modes at a specific angle for an arbitrary polarized emitter) is problematic without 
knowing the frequency and direction of the signal. 
         (11) 
        (12) 
Four-arm MAW spiral mode 2 polarization, if the frequency is known, will quickly provide 
polarization, which can be used to improve the instantaneous AoA by finding a unique value in the 
lookup table within the limits wherein there is  a single value mapping and the accuracy of the receiver. 
The single-valued mapping is limited by modal contamination, which causes 4-cycle ripple in . 
The AoA spread at a single frequency is shown in Figure 3.16 for detection of broadside angle. 
As seen, the uncertainty in direction increases as the emitter moves off broadside. Notice that this result 
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does not include calibration over pattern angle for polarization, which would reduce the ripple 
significantly. Also, although a simple linear conversion was used to map ratio power to angle, the effects 
of WoW can clearly be seen in Figs. 3.16 (a) and in (b) and that WoW increases the angle uncertainty of 
detection. 
 
(a)   (b)  
Figure 3.16: AoA performance emitter for both linear polarizations at 14 f0. 
 
The MAW spiral responses like Figure 3.16 are averaged over all frequencies and the result being 
the mean value of the raw response to a linear emitter is shown in Figure 3.17. The linear components 
increase the uncertainty in the off broadside detection due to the polarization not being parallel between 
the modes. 
 
  (a) (b) 
Figure 3.17: Frequency averaged AoA performance emitter linear polarized. 
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Note that the error in θ is approximately 1:3, which would correspond to the beamsplit term used 
in the literature [68]. If the measurement is then compared to the antenna pattern and polarization, this 
statistic can be improved, due to having two measurements (actually four with the phase) for the two field 
unknowns, direction and polarization, which as long as frequency is limited can have a nearly unique 
response to every case. Mathematical limits of this positional inversion are the orthogonality of the 
polarization ports and the ability to narrow the AoA. The mapping is not ensured to be purely 1:1 because 
of the cross coupling between the three antenna ports which will degrade the stability of the inversion 
search.  
3.5 Phase-Center Variation 
Phase centers of antennas are critical for determining location as evidenced by recent anomalies 
on the GPS SVN49 phased array caused by component interactions resulting in the appearance of the 
array to be located 152 meters in error from its true location due to the narrow band of the signal [69]. FI 
antennas are usually immune to this phenomenon because large available bandwidths resolve multipath 
issues [70]. Figure 3.18 shows the stability of the phase center of a typical MAW spiral over 20:1 
bandwidth with the phase plotted rather than a physical distance. 
 
Figure 3.18: Phase center variation of a MAW antenna at θ = 60°, expansion factor 1.5, and modulation 
ratio 4. 
 
While there is a spread of over 3° at this fixed off-axis angle, the pattern variation is small 
considering that there is negligible phase variation of the pattern from aligning to the spiral face. This 
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result demonstrates that as long as sufficient bandwidth is used the location of the antenna spatially will 
be known to less than the bandwidth of signal, because the phase response of the antenna varies so slowly 
with frequency at differing angles. To the extent, one would use this antenna as a feed, there cannot be 
significant phase error losses due to the extremely small astigmatism and slightly larger systematic axial 
defocusing between two modes of λ/36. Phase error loss as defined in [28] is the loss due to the deviation 
over the aperture from the average phase. This phase error loss (actually half because the two modes have 
opposite curvature) is less than 0.1 dB even with a shallow F/D ratio for a 120° illumination angle of 
0.433. 
3.6 Impedance 
The impedances of the two modes are plotted in Figure 3.19. The nominal values for the 
resistance of the two modes correspond well to the Deschamps formula given in Equation (5). The mean 
resistance of the antenna for modes 1/-1 of 132.8 Ω is almost the theoretical 134 Ω. For mode 2, the 
computed mean resistance is 85.6 Ω slightly less close to the theoretical 94.3 Ω. The additional ripple in 
the impedance is caused by the quasi-self complementary nature of the MAW spiral.  
 
Figure 3.19: Impedance of MAW spiral (sum and difference) with modulation of 4 and expansion factor 
1.5. 
 
The modeled impedance is approximately the 2:1 expected for the mode 1 versus mode 2 from 
equation 5. The ripple corresponds to the reflection from the first bandstop at 1.5 rotations from the 
starting radius. There might be a tradeoff to reduce this ripple by having the modulation ratio increase in 
5 10 15 20
-50
0
50
100
150
200
f/f
0
Im
p
e
d
a
n
c
e
 (
)
 
 
M1 Resistance
M2 Resistance
M1 Reactance
M2 Reactance
89 
 
magnitude, but the difficulty is to make an infinitely scalable structure finite. One obvious dilemma with 
this geometry is that one can achieve an FI balun  that matches the impedance of both modes using a 
coaxial (unbalanced) feed line. 
3.7 Measurement Validation 
The measurements of a four-arm MAW spiral are shown to be consistent with the simulations as 
seen from Figures 3.1 -3. The beamformer [71] discussed in Section 3.4.2 was installed with the antenna 
to ensure that all mathematical processing was done correctly. In addition, because the beamformer had 
all modes available, mode 0/4 was measured simultaneously. Cross-polarization of mode 1 is slightly 
degraded due to the dielectric parameters and the differences between the fabricated prototype and 
modeled antenna. The results in Figure 3.20 are the measured response at 30° with all the losses and 
phasing differences resulting from using a COTS beamformer and commercial cables in addition to any 
range contamination. Only the upper band was validated during this test because of the potential for any 
breakdown in operation should be higher as the frequency increases. 
 
 (a) (b) 
Figure 3.20: Measured average mode gains of a four-arm MAW spiral with expansion factor of 1.5 and 
modulation ratio of 4 at θ = 30° using beamformer, demonstrating the stable existence of all three modes. 
 
In Section 3.4.2, we presented the losses for the beamformer, a first order compensation of the 
loss for each of the modes to show the effective performance without the high loss beamformer is shown 
in Figure 3.21. While this result does not remove the modal contamination, the data in Figure 3.12 on 
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beamformer performance shows that the majority of contribution should be to the cross-polarization of 
mode 1 and -1. Another effect observed is that a potential of –10 dB beamformer contamination at the 
highest frequency shown is consistent with the measured results. However, based on the beamformer 
measurements the mode 4 contamination should be significantly lower than the cross-polarization 
contamination and it was not. The single arm measurements were evaluated next to determine if the 
beamformer was limiting cross-polarization. Please note that with the loss compensation the gain 
becomes more consistent across frequency. The results of combining the single arm measurements are 
shown in Figure 3.22, which looks very similar to Figure 3.21 of a lossless beamformer except for the 
reduction in cross-mode contamination that a “perfect” beamformer is expected to reduce. In the case of 
cross-polarization the reduction of  close to 3 dB is observed above 10f0. 
 
 (a) (b) 
Figure 3.21: Measured average mode gains of a four-arm MAW spiral with expansion of 1.5 and 
modulation of 4 at θ = 30°, beamformer losses compensated to be more representative of the theoretical 
model. 
 
The agreement for all terms, including the leakage into mode 4, is shown in the single arm 
rotation and summation of Figure 3.23. The results differ only slightly from the cases in Figure 3.21 and 
3.22 which shows that the average contribution of the beamformer, phasing and fabrication was 
negligible. The results from picking a single arm and replacing all other arms with its response is also 
prone to range alignment inaccuracy. This was compensated based on the known range skew of 1 cm on 
the X axis. While the measurement itself provides an estimate of the total deviation from rotating about a 
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single point, as demonstrated in Figure 3.18 the physical location of a spiral phase center varies enough 
over frequency particularly as the antenna approaches cutoff to prevent accurate empirical determination 
of the range alignment from electrical measurements for values less than λ/36. This uncertainty results in 
a limit to compensating the measured single arm data for range errors of approximately 10° in phase. 
When the alignment change is small relative to the pattern structure some small variations may occur such 
as in the mode 2 cross-polarization between 8 and 10 f0. Overall the agreement between the measurement 
with beamformer (Figure 3.21), without (Figure 3.22), and symmetric rotation of an arm (Figure 3.23) 
produces very little change and the standard deviation in the measurements is similar for all three 
measurement method, about 0.5 dB. 
 
 (a) (b) 
Figure 3.22: Measured average mode gains using single arm responses and summing through a 
mathematical beamformer. 
 
However, the intent was to demonstrate that the four-arm MAW could provide both a sum and 
difference pattern and that is why we demonstrated the complete antenna performance.  These results are 
shown in Figure 3.24. Although the measured performance has significantly more frequency ripple, the 
overall predictions agree, showing the mode 2 cross-polarization at -10 dB and similar cross-polarizations 
for modes +1 and -1 of about -13 dB, all data processed at 30°. 
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 (a) (b) 
Figure 3.23: Average measured mode gains with one arm rotated to replace all other arms after removing 
physical misalignment of the antenna to the range. 
 
 
 (a) (b) 
Figure 3.24: Comparison of average mode gains to the theoretical mode gainsof the 5.4 cm diameter 
MAW spiral with an expansion factor of 1.5 and a modulation of 4 in a 2.5 cm deep cavity with 3 layer 
commercial absorber and a 0.5 mm substrate. 
 
The final evaluation of the correlation of the antenna as built to the initial design was to remove 
all internal losses for this non optimal fabrication resulting in the overlay in Figure 3.24. The theoretical 
results are held static and the measured results are compensated for the beamformer losses documented in 
Figure 3.12 as well as the coaxial bundle loss from the manufacturer for the 23 cm run of coaxial cable, 
which is about 1 dB at the maximum frequency shown. There is an additional loss due to mode 4 of the 
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input power that could be increasing the overall loss because the term as shown in Figure 3.23 is only 15 
dB down in the measurements corresponding to an additional 0.5 dB loss, whereas this effect is 
completely negligible in theoretical mode – more than 40 dB below prediction. 
3.8 Summary 
Three four-arm frequency independent antennas are compared for AoA and polarization 
detection. It is shown that the MAW spiral is the only element that supports both of these capabilities 
simultaneously in the four-arm geometry. MAW generates an acceptable difference mode with the 
polarization purity being limited due to the modulation, although the AoA performance is degraded when 
compared to an equiangular four-arm spiral. It is seen that the polarization detection without frequency 
detection is limited by the ability to compensate for the dispersion between the two sum modes, a 
problem not found in a sinuous antenna. The sinuous still has an embedded phase term to derive 
polarization tilt angle, and it is dependent on direction of the signal, and only can be derived using AoA 
information. For the sinuous antenna, this information is not available from a single four-arm alone. A 
completely integrated antenna was measured to show that the three modes are not an artifact of any 
mathematical processing and that no significant power was being reflected or absorbed into the mode 0/4 
port. 
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CHAPTER 4 
 
 
NON-SELF-COMPLEMENTARY DESIGN INVESTIGATION 
 
This chapter provides a more detailed investigation into the performance of the bandstop, cavity 
and dielectric, with the particular emphasis on the control of the four-arm MAW spiral difference mode of 
the antenna. In this case, as discussed in Chapter 3, the mode 2 and mode -2 are not separable by the 
beamformer. The remaining area that merits further investigation is the element geometry. If the MAW 
spiral element could improve its rejection of mode -2 then the AoA accuracy will improve because the 
polarization of the sum and difference modes will converge. In the Equation (13), there is a small change 
made to the exponent by replacing 4 for a four-arm antenna with τ to increase the flexibility of the 
geometry choices. This change is not arbitrary and is tied to an observed problem with modulations 
providing polarization control from Figure 3.7. An additional parameter is needed because the existing 
ones do not change the cross-polarization for mode 2. 
))2/()))sgn(sin(((
0
'
0
0EXPrerr  (13) 
where τ = period of modulation, 0 = offset angle of modulation 
4.1  Non-Self-Complementary MAW Spirals 
A new MAW spiral configuration is proposed for improved control of the mode 2 performance. 
This new configuration is accomplished by tuning the modulation period, at the expense of the self-
complementary geometry as mathematically described in Equation (13). This new topology can result in 
degraded impedance and reverse mode (-1) operation. The new non-self-complementary topology is 
proposed because the variation of modulation ratio and expansion rate, the parameters normally used to 
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control mode -1 operation, showed little change in mode 2 polarization as shown in Figure 3.7. This 
insensitivity indicates that mode 2 performance might be controlled independent of mode -1. The most 
important design feature investigated in this chapter is modulation period ( ), which is a method to 
control mode 2 polarization outside the radiation region for a four-arm MAW spiral. The dielectric and 
cavity backing degradation effects on the pattern for a fully realized antenna are also evaluated.  
The geometry of a MAW spiral is unlike a conventional spiral, which inherently imposes the 
polarization of the arm wrap and improves polarization by lowering the expansion factor. By allowing the 
MAW spiral definition to include geometries that are not rigidly self complementary, perhaps the 
polarization behavior of conventional spirals can be better approached. The reason for improving 
polarization consistency between mode 1 and 2 is to decrease the uncertainty of analog AoA where the 
sum and difference ideally have the same polarization.  
While it is possible in theory to solve for the AoA uniquely if the polarization is known, the 
solution stability increases as the polarizations of mode 1 and 2 become the same because less error 
accumulates in the cross term. This result is obtained by inspection of the 3 × 3 matrix generated by the 
three modes of a four-arm MAW spiral converting to AoA and polarization. The first and second 
equations reduce to the coupling between mode 1, 2, and cross-product, ideally 1 and 0, respectively. The 
third equation is the response of mode -1, which is ideally orthogonal to the other two modes yielding a 
matrix that approaches diagonal. This matrix is stable for all conditions other than the mode 1 being 
orthogonal to the emitter resulting in no response on modes 1 and 2 (in the ideal case) for AoA. 
Layouts of four different four-arm equiangular MAW spirals are shown in Figure 4.1, with 
increasing modulation frequency from (a) to (d). For this first evaluation, we kept all parameters constant 
except the period. An expansion factor of 1.5 and a modulation ratio of 4 were chosen as stable variables 
that would not be impacted by manufacturing limitations. Fig 4.1(c) is the self complementary case used 
in Chapter 3 and is only provided for reference to the other proposed geometries. 
The MAW geometries chosen should have similar polarization in mode ±1 if τ is chosen not to 
affect the performance of the normal operation. For the MAW spiral shown in Figure 4.1 (c)  = 4, 
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meaning that polarization for mode 2, while predominantly controlled by the antenna wrap, is also 
contaminated by the presence of resonance bandstops in the mode 2 radiation region. Bandstops in this 
location result in collocated mode ±2, thus not improving rejection of either polarization. The other 
geometries (a, b and d) represent potential improvement for some performance metric. While use of self-
complementary structures is the norm when developing a frequency independent antenna, it is typically 
done in the initial design  to ensure the impedance of the antenna will be known to the first order and will 
be stable over frequency. For the geometries in Figure 4.1, a question was whether a significant 
impedance variation was created by the design not being self-complementary. 
(a) (b) 
(c) (d) 
Figure 4.1: Layout of four-arm planar MAW spirals with expansion and modulation of: 1.5 and 4, τ 
equals (a), 3 (b), 3.5 (c), 4 and (d) 5. 
 
The actual τ was chosen in each case to highlight a possible performance capability.  
 τ =3 was picked to examine the behavior of mode -1 and 2 when they should have no 
dispersion. This situation is because the bandstop reflects the current for mode -1 halfway 
between modes 1 and 2.  
 τ = 3.5 was chosen to examine the behavior of mode 2 when the period is not an integer.  
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 τ = 5 was selected to examine the behavior when the bandstop should not be part of the 
circuit except for mode -1.  
Figures 4.2 and 4.3 show the relative impedance of the four designs. Note that the mode 2 
impedance is significantly degraded if τ < 4. The mode 2 impedance is almost unchanged for τ > 4. 
Dielectric effects are included in these results, specifically an 0.5mm thickness Rogers Duroid 5870, 
εr=2.33 with loss tangent 0.0012. Effective loading was slightly less than 10% of the free space delay of 
the transmission line. A cavity was incorporated as well to make the results similar to an antenna that 
would be fully assembled, although the antenna was not embedded in a ground plane. Modes -1 and 1 are 
shown based on calculations from a single arm impedance with all cross-coupling. This approach will 
always lead to an identical impedance for the modes. The assumption is valid as long as all materials are 
isotropic. It is possible that the two modes will not be identical if the direction of propagation in the 
material is affected differently by the polarization. 
The results of the mode 2 impedance calculation show fairly unstable impedance until  > 3.5. 
For the τ = 5 the impedance is very similar to the nominal case which appeared to be a good compromise 
for building a well behaved MAW spiral. If one considers the two periodicity options, the case of having 
τ < 4 places the bandstop before the radiation region. This approach seems problematic, as the 
expectation of the transmission line model is that the currents would reflect back into the feed instead of 
radiating mode 2. Having τ < 4 may result in a standing wave transmission line with a fairly high Q due 
to the currents being reflected several times between the bandstop region for mode 2 and the feed point, 
before either being absorbed or radiated depending on the bandstop efficiency. 
4.2 Radiation Patterns 
The less obvious impact of varying  on the radiation patterns is to the mode ±1 operation. Since 
the radiation region for these modes is still inside the bandstop region as long as τ > 2, the geometry that 
is not self complementary should not be disruptive to these patterns from the appearance of the input 
impedance. One would expect that the radiation performance should resemble the impedance, if one is 
smooth over frequency then the other should be as well. On the other hand, if the modulation period is 
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increased from 4, it will be expected to become less effective. Upon reaching τ = 6 modulation is useless 
since the currents will then pass through the radiation region for mode 3 before being reflected into the 
mode ±1 radiation region. The investigation of improvement for mode 2 polarization without losing 
performance of mode ±1 focused on bandstops being 3 < τ < 6. As discussed above 3 and 6 are poor 
choices for mode -1 performance.  
 
Figure 4.2: M = ±1 Impedance of planar four-arm MAW spirals (a) in the top left hand corner, τ = 3, (b) 
upper right hand corner, τ = 3.5, (c) lower left hand corner, τ = 4,  and (d) lower right hand corner, τ = 5. 
 
 
Figure 4.3: M = 2 Impedance of planar four-arm MAW spirals. (a) in the top left hand corner, τ = 3, (b) 
upper right hand corner, τ = 3.5, (c) lower left hand corner, τ = 4,  and (d) lower right hand corner, τ = 5. 
 
The second more computationally intensive task is to determine if dielectric loading will 
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significantly shift the interaction of the bandstops and change the bandstop location relative to the 
radiation ring. Typically, this effect should be minimized because if the resonant radiation ring is not 
collocated with the transmission line ring of the same mode the polarization is degraded. The design kept 
the dielectric loading to <10% (based on the difference in delay between the model in free space and the 
one on a dielectric) so that the free space radiation region coincides closely with the radiation region in 
the effective dielectric of the transmission line [47]. This requirement will impose a maximum dielectric 
thickness limit of min/25. While increasing the loading may improve the bandstop effectiveness for mode 
2, it would definitely degrade polarization purity on modes ±1. 
Figure 4.4 shows how significantly all modes are affected by the modulation, resulting in an anti-
resonance in the pattern every time the frequency moves to the next wrap size. On the other hand the 
cross-polarization is excellent for mode 1 and 2. The plots include an overlay of the 72 cuts in  to show 
the relative spread as the antenna is mathematically spun and swept in frequency. 
 
  (a)  (b)  (c) 
Figure 4.4: Pattern at θ = 30° of planar four-arm MAW spiral τ = 3. Plot designation is Mode 1 (a), Mode 
2 (b), Mode -1 (c), free space. 
 
Looking at this example with a reasonably thin dielectric and low expansion factor, the best 
performing design should be near τ = 3.5 based on a compromised between ripple and polarization, 
although there is an additional minimum between 4< τ <5 that has less frequency ripple. Looking at the 
case in Figure 4.5 (τ = 3.5), the performance could be further improved with a higher modulation ratio 
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(possibly 8) to improve mode -1. Although mode 2 had a lower cross-polarization term in the free-space 
simulation with a 3.5 period than the period 5 response in Figure 4.7, both appeared to be improvements 
with respect to the period 4 geometry in Figure 4.6.  
 
  (a)  (b)  (c) 
Figure 4.5: Pattern at θ = 30° of planar four-arm MAW spiral τ = 3.5. Plot designation is Mode 1 (a), 
Mode 2 (b), Mode -1 (c), free space. 
 
 
 (a)  (b)  (c) 
Figure 4.6: Pattern at θ = 30° of planar four-arm MAW spiral τ = 4. Plot designation is Mode 1 (a), Mode 
2 (b), Mode -1 (c), free space. 
 
The beamformer has no way to reject mode -2 while receiving mode 2 because the arm phasing is 
identical. Only the geometry can be used to improve rejection of the undesired mode/polarization. 
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Knowing that the individual bandstops are only moderately coupled to the other arms of the MAW spiral, 
changing the resonant bandstop location to some radius other than the radiation region provides better 
polarization control. This is because the bandstop will then be working as a transmission line element 
without radiating. Having the bandstop on either side of the mode 2 radiation region could be acceptable, 
however, better impedance performance has been modeled with the bandstop outside the mode 2 region. 
Note that mode ±1 impedance is unaffected. 
The significant change from the geometries of the MAW spiral previously investigated is the 
introduction of a geometry that is not self-complementary. While the metal to gap ratio still averages 
50%, the metal structure is not the image of the gap. Actually changing the ratio of metal to gap is benign 
from the theory as described in Chapter 2. However, in the case of 4, the bandstop geometry has no 
clearly defined low and high impedance sections. This impedance characteristic will cause impedance 
instability.  
 
(a)  (b)  (c) 
Figure 4.7: Pattern at θ = 30° of planar four-arm MAW spiral τ = 5. Plot designation is Mode 1 (a), Mode 
2 (b), Mode -1 (c), free space. 
 
From above, the modulation frequency of the four-arm MAW spiral needs to be 3.5 < τ < 5. If the 
frequency response does not need to be flat, it is possible that the geometries with periods less than 4 have 
better polarization match for mode 1 and 2 but elevated mode -1 cross-polarization. The choice is whether 
matched polarization for AOA or orthogonal polarization for polarimetry is most desired. 
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For the MAW spiral, the delay and hence dispersion between mode 1 and 2 is the same as for a 
spiral of the same growth rate regardless of τ or modulation ratio because the bandstop is not part of 
pattern delay for these modes. Figure 4.8 shows that the dispersion for the reverse mode -1 relative to 2 is 
controlled by τ, with the dispersion increasing in direct proportion to τ. While no obvious application 
arises from the τ = 3 case, the result is a true FI monopulse antenna for linear polarization. The delay 
between modes 2 and -1 differs smoothly but is non-linear over frequency. While a sinuous antenna will 
have the same dispersion in both positive and negative modes, the dispersion is not monotonic over 
frequency as with spirals, (equiangular or MAW). Confirmation that the additional delay arising from 
bandstops is proportional to τ proves that understanding single arm operation is an excellent way to 
predict the MAW antenna properties. 
 
Figure 4.8: Modal delay between mode 2 and -1 of planar four-arm MAW spirals for various τ. 
 
4.3 Full Model Geometry with Cavity and Dielectric 
To be confident of the design selection of the antenna, the performance must be accurately 
predicted by the modeling tools. To make the design representative of the “as built” antenna while 
keeping the computational overhead small, most of the performance was validated using free space. Next, 
the acceptable designs were taken through the additional step of processing with multi-layer Green‟s 
function to introduce dielectric into the antenna. Solving the multi-layer Green‟s function increased the 
computational load approximately 10 times in observed computation time. The problem took 301 CPU 
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hours with the dielectric, versus 31.68 hours for one in free space. The problem size was 2 GB in memory 
and used 4 Intel Xeons on a 3.2 GHz clock in a 64 bit operating system. The effect is due entirely to the 
introduction of dielectric. The other methods available within the FEKO solver were predicted to be less 
efficient based on the documentation of the application [72].  
 
(a)  (b)  (c) 
Figure 4.9: Average pattern at θ = 30° of planar four-arm MAW spiral, τ = 3, plot designation is mode 1 
(a), mode 2 (b), mode -1 (c), left to right. 
 
(a)  (b)  (c) 
Figure 4.10: Average pattern at θ = 30° of planar four-arm MAW spiral, τ = 3.5, plot designation is mode 
1 (a), mode 2 (b), mode -1 (c), left to right. 
 
Previous work had shown that accurate prediction of a specific antenna‟s performance requires 
inclusion of the dielectric, because the loading of the transmission line can have significant change on the 
propagation delay to the radiation region. A cavity slightly larger than the antenna was used in the model 
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and a second layer of dielectric with absorptive properties was added behind the cavity to reduce the 
backlobe. Results for all geometries are shown in Figures 4.9-12. The element chosen for comparing free 
space to a realistic “as built” geometry was the self-complementary example from Figure 4.1 (c). 
 
(a)  (b)  (c) 
Figure 4.11: Average pattern at θ = 30° of planar four-arm MAW spiral, τ = 4, plot designation is mode 1 
(a), mode 2 (b), mode -1 (c), left to right. 
 
 
(a)  (b)  (c) 
Figure 4.12: Average pattern at θ = 30° of planar four-arm MAW spiral, τ = 5, plot designation is mode 1 
(a), mode 2 (b), mode -1 (c), left to right. 
Practical experience has shown that except for cases where the absorber is too close to the spiral 
or has poor absorption, the antenna responds similarly to cavity absorber as free space. The absorber is 
usually multi-layered to reduce depth, and adds further computational demands. Figures 4.13 and 4.14 
show the differences between free space, cavity with a PML treatment, and absorber based on Emerson & 
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Cuming LS 20 [73]. The absorption property was simulated as conductivity (approximately 0.37 S/m) 
which tracks better over large frequency ranges than using a constant dielectric loss tangent. 
 
(a)  (b)  (c) 
Figure 4.13: Cavity performance (co-polarization), (a) mode 1, (b) mode 2, (c) mode -1. 
 
 
(a)  (b)  (c) 
Figure 4.14: Cavity performance (cross-polarization), θ = 30° (a) mode 1, (b) mode 2, (c) mode -1 for 
self-complementary case. 
 
To better show the impact of cavity and absorber simulations, the difference in the residual field 
was plotted relative to nominal field from the baseline free space model. Shown this way, it is apparent 
that for all cases except mode 1 cross-polarization, the changes in the performance were typically 10 dB 
or more below the measured parameter above cutoff frequency. Obviously, the mode 1 cross-polarization 
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is sensitive because the antenna has no significant component in free space. Thus, we claim that for the 
observed phenomenon from the dielectric, cavity and absorber/PML that the results were very similar to 
the simpler free space model that required 1/10
th
 the computational time. A design with a thin low 
dielectric material was used because previous measurements in Chapter 2 at a substrate thickness of 0.82 
mm and r=4.5 had shown significant performance degradation. The selected material has a thickness of 
0.5 mm and r=2.33 (< λeff/50 at f=10f0) over twice the frequency range of the previous material described 
in Chapter 2. The change was expected to improve the observed performance in both the model 
predictions based on the measurements from the electrically thicker dielectric. The result of the absorber 
simulation was that not only would conventional absorber work quite well for this design, but that the 
pattern changes due to the cavity walls were more significant than the material backing the antenna 
whether the material was  absorber or PML. 
While the beamformer was not included in the MoM solution of the antenna, the simulated results 
easily allow implementation of a non-ideal beamformer as necessary using the method of superposition of 
sources. This technique can even include the mismatch if necessary. However, validation of the designs 
included in this paper was done by measurement in order to show good performance was achieved with 
typical components and no unusual tolerances were needed to match modeled results. The beamformer is 
relied on for low axial ratio in the physical antenna because the MAW spiral antenna element does not 
reject either polarization as thoroughly as an equiangular spiral. The overall polarization degradation was 
about 2 dB. While this is not significant to efficiency, it is very important to AOA [74, 75]. Figure 4.15 
shows the correlation between error and polarization for a linear emitter on a circularly polarized sensor. 
Some improvement in performance of the sensor can be provided by compensating the antenna 
for the estimated polarization using a calibration table. However, the curve in Figure 4.15 is the result of 
comparing the raw sum to difference patterns, with the error resulting from the solid angle estimated by 
the polarization othogonality (cross-product of the pattern of the two modes). Similar and more detailed 
analysis can be performed on local pattern variations such as WoW, which corresponds directly to an 
error in pointing, and phase, which causes clocking in the AOA. If the polarization of the emitter has been 
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sensed, then the results improve dramatically due to the extraction of the transcendental relationship 
between the modes. This is due to the relative voltage presented at the three ports is a function of all three 
terms (θ,  and polarization). 
The four-arm MAW spiral antenna provides complete ambiguity free resolution of received 
polarization and direction of a signal to the limits of the calibration of the antenna. The MAW spiral 
antenna geometry also provides a limited range of control for the polarization of the three modes. The 
polarization of the reverse mode of operation is provided by both the growth rate and modulation, with 
the difference mode provided by the period of the modulation. While this antenna will not have the same 
purity for polarization as two dedicated antennas or a higher arm count frequency independent antenna, it 
will provide the solution to measuring emitter direction and polarization with minimum complexity. 
 
Figure 4.15: Effective error for uncompensated AOA of antenna from how orthogonal the polarization is 
between sum and difference mode (0 being the desired magnitude of the cross-product). 
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CHAPTER 5 
 
 
MULTI-ARM CAPABILITIES 
 
Although the research to this point had been on four-arm MAW spirals, the other arm counts 
were also investigated to determine if they have useful pattern properties. One condition of note was that 
as the arm count increases the mode that the beamformer controlled and the next mode was shown to have 
poor isolation even with adjustments to the period. For example, if the antenna had six arms, it should 
have five useful modes. These modes would be expected to be ±1, ± 2 and 3, but not -3. What was 
typically found was that the performance of the highest mode would be degraded, primarily by the next 
closest mode. This behavior was because the opposite polarized mode had the same arm phasing and 
radiated at about the same circumference. In the six arm case both 3 and -3 have a 180° flip between arms 
and had to rely on the element alone for polarization control.  
For odd arm counts the control was even weaker because the next higher mode had the same 
phasing and was co-polarized to the spiral wrap. Thus, the mode could only be eliminated by the 
bandstops, which as the arm count increased had to have a very small ring to be effective between the two 
adjacent modes. The simplest example of this situation would be the three-arm MAW. For a conventional 
equiangular spiral the modes are 1 and 2, for the MAW the desired modes are -1 and 1, but to get a 
significant mode rejection the bandstop period needed to be increased, moving it further away from the 
radiation region to be effective. This approach becomes less effective when arm count is higher because 
the separation in radius between the bandstop and radiation region decreases. The other significant 
observation was that the lower modes were controlled much better by the MAW spiral when the arm 
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count increased, providing performance similar to the best sinuous without the additional difficulty of 
matching that the sinuous has due to arm interactions. Figure 5.1 shows the self-complementary versions 
of arm counts 5 to 8 with 8:1 modulation ratio and a slight increase in the growth rate from 1.5 for the 
five arm to 1.75 for the eight arm. 
 
(a) five-arm (b) six-arm (c) seven-arm (d) eight-arm 
Figure 5.1: Various arm count geometries. 
Although a physical prototype was not developed for this chapter, excellent agreement between 
models and measurements shown in the previous chapter strongly suggests that the findings described 
herein are valid. The application for these different arm counts would be for new performance 
requirements, for example, a MAW spiral with more than four arms provides matched polarization 
response for performing AoA as recommended in most signal processing techniques, with independent 
orthogonal polarization detection. With each additional arm above the measurement requirements, the 
element provides improved capability to control the pattern of the antenna. 
5.1 Theory 
Most of the underlying theory of the MAW spiral at an individual arm level has been addressed in 
the previous chapters. In this chapter, the majority of the expansion conceptually is to break the antenna 
pattern into modes consistent with the processing requirements to observe how well controlled the modes 
are as well as whether there are any significant uncontrolled modes due to the bandstops not being 
sufficiently efficient. The particular scope of the theory clarified here is that if the MAW spiral is working 
near optimum, the modes available for use are one less than the total arms. Performance of all modes 
except the highest are controlled well using the normal parameters of modulation ratio and growth rate. 
The highest mode can sometimes have its polarization improved by changing the period of the 
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modulation, but this decision must be balanced against the resulting modal impedance problem. 
If the single arms are modulated independent of the frequency consistent with the arm count then 
modes can be lost completely because the MAW spiral will reflect the power in the radiation region away 
from the feed point. This type of behavior was demonstrated in the previous chapter when the modulation 
frequency was decreased below 4. The bandstop can also create modal contamination by allowing the 
antenna to radiate two modes efficiently if the frequency of the bandstops is too high, again causing the 
antenna to lose control of modes. For example if the five arm spiral is modulated at a frequency of 6 then 
mode -3 and mode 2 will both radiate with the same beamformer, as well as mode -2 and 3 because the 
modes all radiate inside the resonant circumference of the bandstop. 
5.1.1 Beamformer 
The beamformer of the 4, 6 and 8 arm MAW spiral can be realized with hybrids and needs to be 
fully populated to allow simultaneous detections of all modes. For a generic, ultra-wideband beamformer, 
all the data processing needs to be done digitally, so the performance of the single arm dominates the 
power transfer because the first stage of the beamformer would be set by the power transfer from the arm 
to the amplifier. Figure 5.2 shows the mismatch of each of the geometries from three to eight arms. 
Although there is a high degree of coupling between the arms, once the power has been transferred to the 
amplifier the arms are highly isolated as they were with the coaxial feed cluster. If the amplifier were 
flipped for transmission mode, the pattern and mismatch loss results would be the same although the 
MAW spiral antenna would not normally be expected to be a transmitting antenna because of its poor 
efficiency, dispersion and match. The observation is that the match due to the additional modes excited by 
the single arm would improve as the number of arms increases. There are some physical limits to this 
approach. First as the number of arms increases the minimum radius increases for the feedpoint, thus 
reducing its highest frequency of operation. Secondly, getting a large number of amplifiers to track 
amplitude and phase over frequency and temperature maybe quite costly. 
The phenomenon shown in Figure 5.2 is the result of probing the MAW spiral with 50Ω inputs at 
each arm to ground. Unlike the Deschamps formula, these impedances inherently are relative to ground 
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and thus produce a slightly different result than the full mode impedance with all arms excited. The 
important charteristic shown in this figure is that if all arms are directly input into coax instead of through 
a balun, the average impedance actually decreases with arm count. These geometries do have a short 
linear tapered section to reduce the overall impedance at higher frequencies. The reactive component of 
these designs is small until the switch from equiangular to modulated near the feed point to prevent 
etching problems, which adds an inductive term that becomes about 25% of the impedance at 20 f0. 
 
Figure 5.2 Impedance of a single arm for various arm counts. 
 
5.1.2 Patterns of Multi-Arm MAW Spirals 
The important characteristic of the multi-arm geometry is whether it can control the radiation 
patterns of the element. There are two categories of control, the first being met by the Butler matrix 
beamformer, that all power incident on the multi-port geometry be converted. Other than the mismatch 
term the spiral utilizing the Butler matrix or equivalent device can sort the detected voltages into a unique 
and orthogonal detection port. Any imperfections in the beamformer represent potential received power 
that is reradiated away. The second category that is of more practical application for distinguishing the 
different arm count geometries is what power is delivered into modes that are not directly controlled. An 
example of this power loss would be the power in the three arm MAW spiral that is left in mode 2 even 
though the modulations were supposed to prevent power reaching this radiation region from the feed 
point. The following figures show the total amount of power controlled in the pattern versus the total 
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pattern radiated. This information is obtained by comparing the beamformed pattern to the ideal pattern 
for that mode by use of the FFT. 
Odd arm count on the MAW spiral results in a very inefficient last mode, because it is effectively 
the reflected mode and the next mode on the other side of the bandstop is the normal spiral mode. In this 
condition the MAW spiral has the similar problem as the even arm sinuous, the “last” or highest mode has 
no control from the element or the beamformer and the antenna produces a combination of these two 
modes that results in 3 dB of loss from the total power available to the beamformer. Figures 5.3-5.5 show 
this phenomenon clearly. The three arm geometry is the most forgiving and this performance can be 
significantly improved by changing to a structure that is not self-complimentary. The bandstops can 
improve performance by slightly increasing the modulation period to move them further away from the 
radiation region. Note the losses from a pure mode 1 are very small, as one would expect if the antenna 
radiated efficiently before it can get to any higher mode regions. The chief loss mechanism for mode -1 is 
mode 2 for the three arm geometry. 
 
Figure 5.3: Efficiency between beamformer mode and pattern mode for a three-arm MAW spiral. 
 
The odd arm count geometries also show an increased roll off after (N ± mode)f0 in the highest 
controlled mode radiating efficiently as -1, -2, and -3 for MAW spirals with arm count 3, 5, and 7, 
respectively. These modes are all reflected modes and as such can be contaminated by the bandstop 
efficiency. Returning to Figures 5.3-5 one would expect knees in the efficiencies of the modes -1, -2, and 
-3 at these frequencies at approximately 5, 8, and 11 or (2N-mode) and there are. For the three-arm count, 
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there is an additional dip at 8 corresponding to 2N, but this characteristic is less noticeable in the five and 
seven-arm case. 
 
Figure 5.4: Efficiency between beamformer mode and pattern mode for a five-arm MAW spiral. 
 
 
Figure 5.5: Efficiency between beamformer mode and pattern mode for a seven-arm MAW spiral. 
 
The efficiency of all modes on the even arm count MAW spirals are better than for similar odd 
arm counts. This efficiency of the even count spiral is consistent with a contamination of the next mode of 
approximately -10 dB for even arm count as reported in Chapter 3. The contamination is lower due to the 
preferential polarization for the “highest” mode on the MAW spiral, which is all positive for the 4, 6, and 
8 cases in Figures 5.6 – 8 and thus does not need the bandstop to be generated. Instead of multiple dB 
losses for the odd case, the even case only loses tenths of a dB and only in the mode that has its radiation 
region closest to the reverse mode with the same phasing. Otherwise the bandstops are working well. 
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However, the mode does not reach maximum efficiency until several times its cutoff unlike the lower 
modes that rise to full efficiency quickly. 
 
Figure 5.6: Efficiency between beamformer mode and pattern mode for a four-arm MAW spiral. 
 
 
Figure 5.7: Efficiency between beamformer mode and pattern mode for a six-arm MAW spiral. 
 
Having determined which modes are likely to be useful for providing beams of low modal 
contamination for the element designs, we next investigated AoA performance of several of the highly 
efficient modes using the four-arm mode 1 and 2 self-complementary as our lower limit for useable AoA 
performance. Part of the reason for comparing efficiency was that the larger the loss to other modes, the 
poorer the expected accuracy of the antenna element. Figure 5.4 shows much higher efficiency meaning 
less contamination for mode 2. To arrive at a way to display the improvement in AoA from a four to a 
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five arm spiral, a figure of merit must be developed. First, to understand better the antenna, the pattern 
needs to be represented in two dimensions to show the pattern structure. Then the two patterns should be 
compared on the basis of uncertainty between the two modes for an arbitrary incident field. 
 
Figure 5.8: Efficiency between beamformer mode and pattern mode for an eight-arm MAW spiral. 
 
5.1.3 Simulated AoA 
Figure 5.9 shows the pattern of a mode 2 four-arm MAW spiral at 10 f0. The two contours show 
the response respectively to a RCP and LCP signal. The pattern peaks at about 38° and has a very 
symmetric shape for the RCP response. However, it only poorly rejects the LCP signal at about -10 dB. 
This LCP response is effectively the error vector for the AoA performance of the antenna. 
 
     (a)  (b) 
Figure 5.9: Four-arm self-complementary MAW spiral pattern, mode 2; (a) RCP, (b) LCP. 
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The same response for the five-arm geometry shows a tremendous reduction in this orthogonal 
component in Figure 5.10 where the error vector is improved almost 15 dB. This corresponds to the 
reduced uncertainty of the angle this sensor can determine from ±17° in  to ±3.2°, a large improvement 
as shown in Figure 5.11. Obviously implementing the five-arm solution with conventional hybrids would 
be difficult but the 10 dB improvement in accuracy might justify the approach. Alternately, using six arms 
would provide the best of both polarimetry and AoA, with a more practically realizable beamformer. The 
six-arm MAW spiral would provide two independent very accurate measurements of both AoA and 
polarization for a received signal while only adding one channel to the four-arm MAW design. 
 
     (a)  (b) 
Figure 5.10: Five-arm self-complementary MAW spiral pattern, mode 2/mode 1 (a) RCP, (b) LCP. 
Perhaps the best way to describe the mode residue shown in Figure 5.11 is as the error on locating 
a linear emitter. Because the antenna is circularly polarized, this residue should represent the worst error 
for approximately 50% of the Poincare sphere relative to matched polarization. In this case, the four-arm 
AoA capability is shown as 40%, whereas the five-arm using the same information is 8% or 5 times the 
accuracy for one more arm. Review of the six-arm geometry showed only very modest improvement over 
the five-arm case for the single polarization AoA, but the reverse polarization AoA response was much 
better (10 dB) than the four-arm AoA single polarization difference mode response. The implication is 
that the performance of a six-arm MAW spiral should be excellent for normal monopulse AoA designs. A 
significant performance sacrifice arises for lower arm counts, and because the six-arm geometry should 
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provide three different AoA responses 2/1, -2/-1, and 3/2 to confirm the angular detection it will be more 
accurate.  Only the last ratio 3/2 is significantly degraded, except if the emitter is cross-polarized to the 
mode of the antenna. 
 
     (a)  (b) 
Figure 5.11: Four-arm compared to 5 arm Self-Complementary MAW spiral AoA statistics, mode 2/mode 
1. The figure on the left shows the spread over frequency at θ = 30° for the error vector, the figure on the 
right shows the average error over all frequencies and  (linear weighting) versus θ. 
 
5.2 Archimedean Comparison 
Shown in Figure 5.12 is the comparison between the broadside gains in forward and reverse 
modes for three different embodiments of the equiangular and Archimedean MAW spirals. As seen, the 
Archimedean eight-arm has higher gain than the corresponding four-arm MAW spiral. However, the 
eight-arm would probably lose a similar amount of power due to matching the much higher impedance 
exceeding 250 . The plots do not include the losses due to mismatch, which into the nominal 50Ω balun 
would be over 1 dB. The anomaly at f/f0=2 in the equiangular reverse mode is a resonance problem in the 
first design chosen; based on the study of four-arm spirals the element can easily be tuned to mitigate this 
behavior. The particular designs chosen for this initial check had a high expansion factor due to the high 
number of arms, specifically, 2.5 for the equiangular and 4 turns on the Archimedean. The result of the 
rapidly increasing structure can be seen with the broadside response only having one cycle across an 8:1 
bandwidth, but with a much larger fluctuation in gain than most of the designs investigated in chapter 2.  
5 10 15 20
-30
-25
-20
-15
-10
-5
0
f/f
0
E
rr
o
r 
(d
B
)
 
 
0 20 40 60 80
-30
-25
-20
-15
-10
-5
0
 (  )
 
 
4 arms
5 arms
118 
 
 
(a) 
 
(b) 
Figure 5.12: Broadside gains for four- and eight-arm MAW spirals in (a) forward and (b) reverse modes 
of operation.  
 
While WoW was not shown here, the number would have been too low to verify, 0.02 dB at 10 f0 
for both geometries at 30° and still below 0.45 dB at 60°. This mathematical result will not be approached 
by a fabricated design but at least shows the improvement of having the ability to separate a single mode 
for the nearest seven modes versus only the three available in the four-arm design. The suppression of the 
pattern asymmetry would make this antenna much more desirable if it were not for the complex 
beamformer regardless of the element geometry. Similar behavior is not as easily achieved with the 
sinuous because of the high coupling between arms resulting in the same type of response explained in 
Figure 5.12 (b) where the antenna will have a very narrow anti-resonance similar to the characteristics of 
conventional log periodic antennas. 
2 4 6 8 10 12
3
4
5
6
f/f
0
G
a
in
 (
d
B
ic
)
 
 
7:1 8 Arm Equiangular
4:1 8 Arm Archimedean
4:1 4 Arm Archimedean
2 4 6 8 10 12
3
4
5
6
f/f
0
G
a
in
 (
d
B
ic
)
 
 
7:1 8 Arm Equiangular
4:1 8 Arm Archimedean
4:1 4 Arm Archimedean
119 
 
The best cross-polarization performance of the reverse mode for a four-arm antenna is about 10 
dB worse than that of an eight-arm MAW irrespective of the geometry or modulation greater than 3. This 
improvement is due to the suppression of mode 3 for reverse operation, since now the term will be 
absorbed in the beamformer rather than delivered to the port for mode -1. Finally, the effects of the 
growth type (Archimedean vs. equiangular) on the pattern and impedance of an eight-arm MAW spiral 
are shown in Figure 5.13 and 5.14, respectively. As seen, results were slightly better for the Archimedean 
for all parameters except wide angle cross-polarization, which is still over 20 dB down with only a 4:1 
modulation.  
 
Figure 5.13: Comparison of equiangular and Archimedean eight-arm MAW spirals average patterns. 
 
 
Figure 5.14: Comparison of equiangular and Archimedean eight-arm MAW spirals impedance.  
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field properties of the MAW spiral, also increases the complexity of the beamforming network. Assuming 
that additional modes are needed (example: monopulse direction finding); an eight-arm MAW will enable 
the simultaneous excitation of modes 1, 2, 3, -1, -2, and -3. Certainly, the overlapping mode bandwidth 
will be reduced with the addition of these higher order modes. Additionally, the impedance matching will 
also represent a significant loss to the mode not optimized. 
5.3 Phase-Center Variation 
The phase center variation of the MAW spiral regardless of arm count remains less than a tenth of 
a wavelength across the frequency band at 60°. This angle (120° full beamwidth) is approximately where 
the antenna would be used to provide a 10 dB aperture taper in mode 1 as a reflector prime focus feed. 
Modes 2 and 3 would have different angles for optimal efficiency due to the null, but if the antenna were 
to be used as a feed, the maximum aperture efficiency should be on the sum mode. Shown phase error in 
Fig. 5.15 for using the element face as the reference plane results in less than 0.02 dB in aperture 
efficiency loss for a typical reflector for the 60° beamwidth (F/D = 0.3). Figure 5.15 shows the scale in 
wavelengths at the frequency plotted rather than absolute distance; obviously positional accuracy of the 
phase center increases linearly with frequency above 2f0. 
  (a) (b) 
Figure 5.15: Four-arm compared to six-arm self-complementary MAW spiral phase center statistics, all 
modes, (a) shows four-arm MAW spiral, (b) shows six-arm MAW spiral.  
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not being a good phase reference. Figure 5.15 only shows the average response, but the important result 
for reflectors is the average displacement along the z-axis. The higher arm count MAW spirals have the 
same bias as the four-arm where the reflected modes image just slightly below the xy plane and the 
forward modes are slightly above due the twist in the pattern at wide angles.  
  
122 
 
 
 
 
CHAPTER 6 
 
 
CONCLUSION 
 
6.1 Summary of Work and Contributions 
Multi-polarized spiral antennas are  separated into two categories based on bandwidth. 
Specifically, for many applications, the best design uses multiple feeding methods to achieve bandwidth 
up to several octaves. While this research briefly investigated introduction of ports outside the center of 
the geometry, the area of interest quickly focused on truly frequency independent geometries. The MAW 
spiral is the only spiral antenna able to provide this capability. In the investigation beyond the decision to 
concentrate on FI geometries, the antenna design was frequently compared to the more commonly used 
(sinuous and spiral) geometries for any preferential capability.  
The performance of the MAW spiral was shown to be similar to a sinuous antenna for dual 
polarized performance as long as the geometry was highly dispersive. For less dispersive geometries the 
MAW spiral distributes its performance degradation more heavily on reverse operation including loss, 
cross-polarization and pattern symmetry than the sinuous, which typically has identical performance in 
both modes. For single polarization performance the equiangular spiral will outperform both geometries 
on polarization, impedance flatness, and pattern symmetry, which is why it is often used in AoA. 
The MAW spiral was characterized relative to its design parameters including modulation ratio, 
modulation period, growth rate, arm count, termination, cavity and dielectric effects. Usefulness of 
various geometries was defined against performance parameters including polarization, impedance, 
pattern symmetry and angle of arrival. It is seen that in order for a four-arm MAW spiral to compete in 
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performance with other FI designs it needs an expansion rate of less than 1.5 and modulation ratio greater 
than 4. One slight drawback to the MAW spiral is that the opposite polarizations have a difference in 
response time due to the method used to generate reverse polarized patterns with bandstop reflections, 
while the sinuous have the same delay for both polarizations. 
The four-arm MAW spiral does provide a limited AoA capability that is much better than that 
available on the four-arm sinuous antenna although easily outperformed in single polarization for four-
arm geometries by any single polarization spiral. With modern AoA systems that use frequency detection 
and pattern lookup tables, the MAW spiral can provide more information than the equiangular spiral 
because it provides a unique triple voltage response for three well behaved spiral modes that are 
inherently orthogonal functionally. The spiral cannot provide polarization information because it only 
receives one polarization and the sinuous will only provide polarization information and will need a 
second antenna (or more) to do interferometery or AoA. 
Several alternate geometries of the MAW spiral were investigated including Archimedean, 
average metal to gap areas not equal to one, periods of the MAW spiral that were not self-complimentary, 
element thickness, termination lengths, feed point launch tapers, and arm counts. The following findings 
were made: 
 Archimedean MAW spiral antennas outperform equiangular spiral antennas at 
frequencies close to cutoff because of the additional turns being distributed to the 
maximum radius. 
 Increasing the overall ratio of metal to slot improves the match if the nominal input 
impedance is 50Ω for both Archimedean and equiangular spirals. The expected 
improvement will recover much of the 1 dB mismatch loss without changing antenna 
patterns, although the resistive losses will increase. 
 If the period of the bandstops for the MAW spiral are less than that of a self-
complimentary case, the polarization performance of the modes radiating inside the 
bandstop ring improves, but the gain flatness is degraded. 
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 If the period of the bandstops for the MAW spiral is greater than the self-complementary 
case, the polarization may improve slightly, but is limited by the ability of the bandstop 
to prevent radiation in the next mode (3 in the case of the four-arm MAW spiral). 
 Increasing the element thickness, while not typically practical, will lower the modal 
impedance of the spiral by very large amounts consistent with the transmission line 
model. 
 Termination of the MAW spiral works best with an open in a low impedance section, 
eliminating most of the anti-resonance at double the f0 of the MAW spiral. 
 A taper at the feed point can be used to lower impedance of the MAW spiral but has 
limited effectiveness due to the upper frequency limit of the bandstops interacting with 
the taper causing the inductive term of the structure to increase. 
 MAW spirals with N arms have N-1 useable modes, N-2 of which are very free of modal 
contamination with reasonable design parameters. The “last” mode works much better on 
the even number arm antennas with a typical cross-polarization term of -10 dB due to the 
element wrap. For the odd number arm antennas this mode is highly contaminated by the 
forward mode making it almost linearly polarized. 
 Three arm MAW spirals can generate two well behaved orthogonal sum modes, 
unfortunately the second mode has modal contamination at -6 dB, which can only be 
mitigated by about 3 dB using a different modulation period. This response is still better 
than any other odd arm case. 
 Pattern modal content is reduced in mathematical synthesis by 10 dB by the addition of 
one arm to the four-arm MAW spiral reducing the initial uncertainty from 30% to less 
than 3% for a positional prediction. 
 Input impedance of the single arm MAW spiral is only moderately affected by the arm 
count, this property allows potential application with arms directly exciting amplifiers 
before having the modes beamformed in a later section of the receiver. 
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For practical designs, the MAW spiral requires cavities with absorber for optimum performance 
[76]. The investigation showed that the amount of energy reflected from the cavity for conventional 
materials was not significantly higher than for a perfect matched layer treatment. The cavity had 
negligible effect on the pattern without the absorber. The dielectric has a fairly large effect on the 
performance of the MAW spiral, especially on the designs that are not self-complementary. 
6.2 Future Work 
The future investigation of MAW spiral should center on the following areas: improving 
bandstop performance so less bandstops are needed to get more efficient reflected modes and reduce the 
contamination from modes outside the bandstop region. The current bandstop could possibly have 
increased effectiveness if the overall average impedance was lower by making the element thicker and 
thus shifting the lower impedance down significantly. Simulations have shown that even with fairly thin 
metal the impedance on the planar element can be lowered to 50Ω from 110Ω or even lower making the 
relative range of impedances larger. However, getting all the reflection to occur in one bandstop will be 
difficult without degrading the wideband impedance. 
Improving the absorber design to reduce cavity depth would be another area to improve this 
design. If a ferrite is used, depending on the frequency minimum the material thickness could be reduced 
and complimented with a carbon based material for frequencies above which the magnetic material will 
typically cease to have absorptive properties. Other recent research has recommended that the more 
computationally efficient method for modeling this type of cavity will be FDTD possibly using the 
commercial application CST [77] due to the frequency variable material properties.  
Other areas of interest involve investigating the trades for the MAW spiral as a lens feed and 
improving the hybrids from the component used in this research with one that had much less loss. Also of 
some interest, especially since it was part of the initial patent is better understanding of the conical MAW 
spiral configuration. In particular, how well does it behave when the reverse mode of operation is now 
separated radially and angularly, how consistent are the two modes for effective phase center, and does 
the period need to be changed to compensate for the angle of the cone. Developing circuits to compensate 
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for the modal dispersion would also make the antenna more attractive, but was outside the scope of the 
current research. If the circuit could be developed to compensate the dispersion of the modes, it should be 
straightforward to change its parameters to mimic the geometric phase growth of each mode. 
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